m 



MIT/LCS/TR-360 



INTELLIGENT PHYSIOLOGIC MODELING 



Robert Kunstaetter, M.D. 



A p r i 1 19 8 6 



This blank page was inserted to preserve pagination. 



ANA 




* 




'■:-•-■ 




KzS 



^m^jf^^i-^. ^- 




This empty page was substituted for a 
blank page in the original document. 







f^t^p^i^t^^^i^ii^^pp 




■y,. — , -, tr J- 







: a- -.^-jii-^^fc • 






This empty page was substituted for a 
blank page in the original document. 



Acknowledegements 

I would like to thank: 

• My wife Daisy, for everything. 

• My supervisors, Peter Szolovits and Octo Barnett, for their guidance, 
encouragement, and patience. 

• Ethan Foster, Judy Piggins, and Julie Kozaczka of the New Pathway 
instructional technology and programming staff, for their assistance in 
distributing KBPMS. 

• Dr. Martin Kushmeriek, director of the "Matter and Energy" segment of the 
New Pathway Curriculum, for his help with the evaluation experiment. 

• The New Pathway students who participated in the evaluation experiment and 
provided their comments concerning KBPMS. 

• The various funding agencies who have supported this project and, in particular 
the Medical Research Council of Canada (and the Canadian Taxpayers!) 
without whom this phase of my education would not have been possible. 

• All of my colleagues at the Massachusetts General Hospital Laboratory of 
Computer Science and the Massachusetts Institute of Technology Clinical 
Decision Making Group, and especially Mike Wellman for sharing his office 
and his friendship. 



This empty page was substituted for a 
blank page in the original document. 



aipmiwi^ 



l»bfti8 JiV xil»9*4i|A 

1 

1 
3 
5 
6 
9 

9 
10 
IS 

IS 
16 
16 
15 

19 
20 
34 
36 
39 
41 

41 
41 
42 
45 

45 
41 

52 
54 
55 
57 
99 
65 
81 




Appendix V. Evaluation Raw Data [19 

Appendix VI. Student Comments 121 



List of Figures 

Figure 2-1: HUMAN: A Numerical Model of Physiology n 

Figure 4-1: An Abstract View of CO, Elimination 20 

Figure 4-2: A More Detailed View of CO- Elimination 21 

Figure 4-3: The Mechanisms of C0 2 Elimination 22 

Figure 4-4: A Unified Representation of CO, Elimination 23 

Figure 4-5: A Parameter Frame 26 

Figure 4-6: A Process Frame 28 

Figure 4-7: Two State Frames 29 

Figure 4-8: A Model of C0 2 Homeostasis by the Respiratory System 31 

Figure 4-9: The Respiratory Model Showing Influence links 32 

Figure 4-10: The Respiratory Model Showing Taxonomic Links 33 

Figure 4-11: Semantics of the Qualitative Operators M+ and M- 35 

Figure 6-1: A Question Being Answered at Several Different Levels of Detail 46 

Figure 6-2: A Simulation Showing Mixed Numeric and Qualitative Capabilities 47 

Figure 6-3: An Incorrect Simulation 51 



ui 



IV 



List of Tables 

Table 1-1 : The New Pathway: Foundations of Lifelong Professional Competence 4 

Table 1-2: Proposed Software Modules for the New Pathway 6 

Table 5-1: Summary of Quiz Scores 43 



This empty page was substituted for a 
blank page in the original document. 



;<\- j - W^W%$?? 



INTRODUCITON 



L Introduedoi 



^wf^'^^^ffW^-WiWl *!^m)m>kmm\G& based modeling 
tetfniques.fromar^a ^ In 

order to st* U^sfcge^ dcuib of Oh j?ww> *»*^W«fa^ the recent fctetory of 
'"^ ^f^^ *« ^^sj^fe^ipiiejiolle^lieidfefcji this fie*. it intoDduces the 
Harvard New P^way, jhe|ggeT educatk^ ^c i WW I of^hk* tfabyojert it apart. It 

physiologic modeling, in particular, in the New Pathway and how they sopport its overall 
goals. 



1.1, Medical Educntta Fas*** 1 Preset 

the system of un<iMgrate 2 edwSa^cuin^ 
mecflcal schools Is iiW8ffi«anji ^py^^i^ ty^ ^ ^ frHddfr 

Ages ft}. _TTifa evotufion; h^or& been <ttf4^i^ 
character oYmwficaredi^km has r#««^v^ 
centUfy. Wcbntras^ 

practice and the scope of medical knowledge have changed drastically over the 
of time. The resulting asynchrony has been the source of important problems. 



Eighty years ago, the goal of medical 
students for solo general practice $| .,Jt eg 
imparting to me<fical ^ l {i ' " ''' 
curricului 



a ctncmtiKrihfi 
by engaging them in the intensive 
cleitships and internship. The graduates of, 
comp^t pracrMi^^ " 0L,,il '^ *° '^ mm ' irm 



had 




ir professional 
y valid for that period. 



<&%$!&&$& -the fliajprijty of 

.tfejtjpeiJqr 

lr$fht£?fei#*** 

tete^ence^f^Jia^al 




■;,i? 



2 . — ..... --. 

/VCTiarfi^cducatkMirientogttKfa 



ait.«.LUtnmi.il. lii. ia.-'. n..-. . .. • 



nhe principles of structure and fumtkxi of tfw fettmi body In heaM and rflaeaae, « conveyed % the 
sciences of Anatomy, Histology. Biochemistry, Ptiysotofy. Pttholoiy, Phaimacotogy. etc The systematic 
uwwhfjw Q^fcifc ^9^^^bk>rth ^mkMi i ^ L mui^»mim ^ A* most rtoWq^tumchaw 

uiuisfidd.Uwas4Mg?uxd|>rtaiK^^ - ■ 



CHAPTER 1 



The volume of medical knowledge is now a thousand time* as large as it was in 1 !^ 
and, like other scientific knowledge, it continues to grow at an exponential rate [4]. Yet 
traditional undergraduate medical education itnfcidi ^rJmniM#y parting the mass of 
bask and clinical sciences to its students, gready exceedmg tfteir caj&cfty : W incorporate this 
knowtedge in a very amited time span (usually !he WtS&yearVofm^^ Even 

if medical stedam were to somt^ 

as large areas are certain to obeolesce rapid*y. Tmis a t syiem of uMdelfgraduate education 
designed to impart professional knowledge of ^medfcaf science, wnM wilf last a lifetime, 
is no longer feasible. 

Today, most physicians pursue specialty and subspecialty training after receiving their 
M.D. degrees 4 [2]. An alternative view of medkai tf^rn^; wlrtA ks consonant with this 
present day reality, regards the undergraduate years as a period of general professional 
education; the mitiarM to a lifelong pt6cw''b1r)eiii^ which is a 

prerequisite W competent clinical practice. This view has ^lo^^adypca^ by members 
of me edtirjation community f5, ol, but has not had a significant ^npact on medial school 
curricula. Wore recently, the Association of American Medial Colleges has called for a 
major reform of undergraduate medical education 'along precisely these lines in thp GPEP 
Report 5 ^ 

If traditional medical education has become ineffectual by virtue of its emphasis on 
rapidly imparting a huge body of knowledge, wjuu dora jme apj>rpach of general 
professional etfueatfori orfer as an alternative? Simply stated, the alternatives to diced 
knowledge acquisition are attitudes and which wilt encourage and equip physicians to 
maintain a lifelong learning process, in order to cope with me explosive growth of medical 
knowledge. A fundamental requirement of such lelf-education is an active role on 

the part of m^ learner. Triis too is in contrast to standard medical pedagogic practice, 
whereby students are the object of countless hours of lectures, demonstrations, and audio- 



4 .-....■<.■■..■. t.> 

Note that this too is (at 1«« in p«n) aco«i«qucnc« of the volume burden and rapid growth rate of medical 
rcen%a$ p>^ansstti^^^ dom ain. Ttm trend toward 

increasingly narrow specialization has already caused severe fragmentation of the process of medical care and, if 
unchecked, isjikejy to fuiThaapatk«l«lhisphcnoo«norii8the ftitow. 

RibiishedJAyears after the Fkxaer Report the GPEP Report a wpected to be a harbinger of equally great 
change. However it is much |o^ soon Jgassess^Actlier sues c^^ 
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visual or computer based tutorials which they are expected to incorporate, integrate, and 
regurgitate in rapid succession. 

1.2. The Harvard New Pathway 

Motivated by the issues discussed above, Harvard Medical School has initiated an 
experimental undergraduate medical education program, tik Mfo Mhway [«l The 
developers of the New Pathway have proposed ; a sp<|$fe. set of attitudes, skills, and 
knowledge which would prepare students for lifelong professional learning. The principal 
categories of these are shown in Table 1-1. The goal of the New Pathway curriculum is to 
provide an environment wheit^e stiidem. ^ and 

knowledge. 

The detailed structure ofjw N*W;$aJJw^.cufria^ which it will 

be evaluated are beyond the scope of this thesis. However, it is pertinent to note that the 
New Pathway * amajor undertaking, drawing resources from diverse sectors of the Harvard 
educational community. The cui^ju^^as.biws uaderAjvelopment since July 1982 by a 
faculty of approximately 30 persons, with extensive input from medical students. 

In September 1985, the first New Pathway group, consisting of 24 of «awar#s 165 
member first year medical class, was selected 6 . Thisgrouj?, kno^aslhe Oliver Wendell 
Holmes Society, has its own lectures, tutorials, and laboratory exercises and the woarse 
material is studied by system rath* ibaadra m this first 

year, and cases are the motivation for and focus of Basic Science. learning,, The 24 students 
are diVfded into four tutorial groups and mere is a strong emphasis o*,teamwork and 
cooperative learning within these. To date, the New Pathway students, faculty, and staff 
have been enthusiastic about their experimental ^rogtifn 'anCffP^.t^nave developed a 
very good rapport with each other. 



Each newly accepted medical student was given the opportunity to volunteer for the New Pathway. There 
were 70 volunteers from among the 165 students, and of *«., 24 were selected by the New Pathway faculty. 
7 

For example, the anatomy, histology, biochemistry, and physiology of the cardiovascular system are studied 
as a single block rather than being divided among sections of four different courses. 
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a. Attitudes toward patients and colleagues. 

b. Attitudes towajd society at large. 

c. Attitudes toward tearniag. h 
<L Attitudes toward One's self. 

2. Skips: 

a. Acquiring mformathka from and about patients. 

b. Obtaining, retrieving and storing information. 

e. Working effectively wkw one's aeen and the weaHh care team. 
<L Communicating effectively with patients, EpinWes, and coilefgues. 

e. Performing bask diagnestte and thefsoeu tk pi oc e d th es . 

f. Problem solving. 

3. Knowledge: 

a. An understanding of the patient as a living being, 

b. Aaua^rstaadittsn&tep 

c An understand!!! of the principles of prevention and of therapeutic 
. ■ strategies. ■-■• '■■ ^v"? ;■;*-,:.. •<»;»■■!-; k.^-.>. *» 

d. Aa understanding of the statistical and i>roban41i^ aspects of banana 
biology and cfbrlcai medktne. '"* 

e. An understanding of the complex texture of knowledge and the importance 
of detail. 



Table 1-1: The New Pathway: Foundations of UWong Profesiooal Competfince 
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1. Vocabulary Building 
ICompoter-StoitrfCowse Notes 

3. Bibliographic Reference Files 

4. Access to Data Bases 

5. Simulation of Biological Phenomena 

6. Clinical Problem Solving Applications 

7. Computer-Based Medical Records 

8. Cmnpttfer-Besed Test Bint Questions . 

9. Persona] Reference Files 

Table 1-2: Proposed Software Modules for the New Pathway 



The development is being carried; out by teams composed of members of die New Pathway 
faculty, members of the instnjctional technology and.pfogfamming staff, post-doctoral 
fellows, and medical students taking elecuv* rotations in educational technology; It is 
envisioned that the programs will be develoj^^eyahiatnil. and modified over several years 
of student use. 

1.4. Intelligent Physiologic Modeling 

The hypothesis which modvated tms project is that certain elements of artificial 
intelligence and Knowledge based systems technology might be fruitfully applied in the 
construction of Module 5, Simulation of Biological Phenomena, with additional retevance to 
several other categories listed in Table 1-2. Specifically, up goal was to build an intelligent 
physiologic Modeling system for use in this module: This system was to bejntelhgent by 
vhtue of domain specific knowledge which was encoded into n^lsof different aspects of 
human physiology. Its value as a pedagogic tool was to be a consequence of Us ability to 
describe the nature of physiologic entities, toeaplain t*e relationships between *em,and to 
ascribe causality to their interactions, in addition to mimerieal and paWtatfve simulation of 
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their dynamic behavior. The system was intended to provide support for several distinct 
physiologic models which would necessarily overlap in content This approach corresponds 
to clinical physiologic reasoning and to the way in which physiology is currently taught to 
medical students. It does not represent a unified description of all bodily functions. 

This project has consisted of the design, implementation, and preliminary evaluation 
of a Knowledge Based Physiologic Modeling System (KBPMS) arising out of the above 
desiderata. The project has had a truly symbiotic relationship with the New Pathway of 
which it represents but a very small part KBPMS provided the New Pathway with an 
interesting pedagogic tool, based on developments in artificial intelligence research. The 
New Pathway, in turn, provided an opportunity for evaluation and refinement of KBPMS 
and the computational techniques upon which it is based. 
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2. Background and Related Work 

The development of KBPMS has been based onfre^w** work hj two major fields of 
endeavor: computer applications to educate and coagputes based physiologic modeJing. 
This chapter reviews some of the work in these fields-and describes their relationship to this 
project 

2.1. Computer Applications to Education 

Cona&uter assisted instruction (CAI) has Seen available as an educational too} for over 
25 yean. Traditional €Ml is an adaptation of ^tyo^unsm leading approach whereby a 
ftowchart guides the swd^t through prffcressivelyl^ subject matter. Multiple 

choice questions are used to assess the students' progress, and in response to his answers, 
material may be reviewed, Or thrpaceof the presentation stowed down t or acoslerateil. The 
students response* art also available for ^evduatiotftsirposes: 

A number of variations on the basic theme of CAI hive taken place in several settings. 
The PLATO system fllj was the first to incorporate graphics capabilities by using a plasma 
display and raferonche projector. -Mote rtcen^fiie^e, Wfcaiyx, and videodisk 
interfaces have been develop for me same pbtpM fne 1 increasing availabiiity of home 
computers has greatly facilitated the dissemhttioWof cXt mateiialdirecte^ toward a wide 
range of age and interest groups. ^^ 

Much effort has been invested in applying CAI techniques to medical education £121, 
but the resulting programs have not been widely integrated as routine partf of medical 
curricula. Some medical educators feel that, this Jack p| success has been due to 
centralization of such system? around large raainftame computers, and to inadequate user 
interfaces0J. they suggest that the advent of hjgh qu^audip^^ 
cost microcomputer based systems wil) ^y^i^ine^eal £A& mfrmm»k£te$y*em, 
in medicine as well as c<h« areas, are Jim 
foundations render them inflexible, unable to adt«uately ? a^^ 
students. Viewed from me perspective of the ^[e^JPaft way/pfjgra^ they da nqt encourage 
a sufficiently active role for the student in the learning process. 

m response to the deficiencies of traditional CAI, several iavestigators have attempted 
to apply artificial intelligence technology to the task of producing intelligent tutoring 
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systems [14]. Such systems, termed utteWgeiit^lfl^ two 

different ways. First, they incorporate comprehensive knowledge of the domain they are 
intended to teach, and second, tffcy contain a model of s^nVixhavlor aid modify their 
tutelage in response to what the student seems% uritfe^Tof n^mderstand To date. 
"^'CAl systems have be* «^ 

[15] and troubleshooting electronic circuits [161 where they have met with preliminary 
success. 

GUIDON [17, 18] is an ICAI program designed ,^te*pti the knowtedgedicoded in 
rule based "expert" systems. ^ initial ven**, u*s ,*, MWM iflfocdous disease 
knowledge base [19] and thus repissen* the fim^m^^MAkto mcdK^l education. 
One of the important lessons learned owg^Jtedjife^^ 
rules which provides good co^l^^ 

by such a pedagogic program. Thus the develops ggwm kmrnm^m^m^c task 
of restructuring the MYCIN knowledge base to make it suitable for teaching purposes. This 
is me NEOMYQN project ppj, 

KBPMS occupies a middle ground, between trad|||^ t G/y anditte rneie advanced 
ICAI system It has deep knowledge of, its Afm^rlm 4m, mm&mto model the 
student's behavior or level of compie^siofr, fti^^»^itepr«wte a flexible 
educaUonal tool based on well established pedagogic and m^m^mkpnmmb^ does 
not address entirely new research issues in either field. 

2J. Computer Based Physiologic Medeliiig 

The earliest computer models of physiologic function were numerical 

implemefitatfontof mathematical retatfcftstiips which had been empirically, determined to 

-exist among physiologic variatte^^^ ^ quite 

elaborate, describing large areas of human physfotogy and pathbphysioiogy. Guyton has 

equivalent for 4tspi*i»ry F!giire u 2-i is a schematic representation of 

HUMAN f23], a wry large numerical model which is used as a medical teaching aid. 

Numeric physiologic models are analogous to the spreadsheet programs which have 
become popular in ^bu^r^communityrtheV ab#me^W1i^ W c response to 
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Figure 21: HUMAN:AN«n«ialMo<te».0iHiJskA3gr 
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a given set of perturbations and are amenable to graphic presentation of results. However, 
like spreadsheet programs, they are limited by meir dep'th of knowledge in the domain 
which they are modeling. Specifically, they have no knowledge of the nature of the entities 
whose behavior they describe, or of the canal retetionsfaips between them; Thus they are 
unable to answer such pedagogjcally crucial question* as what something is, or why 
sometiiing happens. 

Another class of computer based >ysi0l6gfe models has been developed by 
researchers in medical artificial integer* m «t attempt to improve the 

performance ©f their coiistttta^^Eogfams. "The first generation of MAf systems 9 was 
limited fey its reliance on pnenomenofogu lociatiarw reen discrete disease 
manifestetionsand disease entities for reasonki| t d^gnosii andthetapy. These systems 
had no underlying knowledge <T body structure 4 ® m and were 

unable to cope with multiple interacting disease processes, W situations involving 
conflicting items of phenomenon teiowie^T^^rtt^ need for iotogieally 
based explanations of ^conclusions. The encoding of physiologic knowledge in 
computational structures is seen as a potential mean* of overcoming these deficiencies by 

permitting MAi programs Jo *reasonjt u^phystolngfc Inset". 

*.- ~ "._'' ' ~~ '■ ■ y* '•• F^ r -.j --.- 

j , In 1976, Smith &1\ proposed me first attempt to encode anatomic and physiologic 
knowledge to suppo^tairtpmated reasoning in th domain. His system wasio rely on a 
frame based repfesen^iOM strategy {28J, but was ne^r tirolefflented because he felt that 
existing representational techniques were luate fee this purpose. His subsequent 

research efforts were directed at advancing the foundations of knowledge representation 
and have not returned tb^^e area of physfology. 

ABELJ29], a diagnostic reasoning system which operates in the domain of acid-base 
and electrolyte disorders, encodes knowledge Jky in semantic network 

structures. The knowledge il) represented at three levels of detail (termed clinical, 
intermediate, and patoophysioiogic) but reasoning is always earned out at the most detailed 
level. ABEL can explain its reasoning in physiokgiclernis an^has pofentW as a teaching 
tool, though it has not been tested in thisCTv^onmcnfc 



The ubiquitous "big four": MYCIN [191, INTERNlST-1 [24J, CASNET [251 and PIP [261. 
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Several investigators a*e currently exploring the encoding «f knowledge of various 
medical domain* in deferent types of cays* aetw«ks/ Wa^ 
combined causal juiji^ based nprescttafow in v pm^m nmL^ explanation 
production system. Long [31J has developed a causal physiologic model of cardiovascular 
disease for use in diagnostic and therapeutic reasoning about angina and heart failure. 
Blum [32J has devised a system for representation of empirically derived causal relationships 
as a means of extraction of knowledge from a large clinical database. Kunz [33J has studied 
the analysis of physiologic models for encoding in knowledge based systems. Widman 
(34] has developed a representation method for dynamic causal knowledge in the domain of 
cardiovascular physiology. AH these efforts have, in turn, relied on more foundational work 
on the representation and simulation of causality in physical mechanisms, such as that 
carried out by Rieger and Grinberg [35], deKleer [36, 37], and others. 

A similar, yet distinct, approach to physiologic modeling has developed as a 
consequence of recent advances in qualitative process theory {38]. Qualitative simulation 
[39] models a physiologic system by propagating constraints imposed by the mathematical 
relationships among physiologic variables. The numeric values of these variables need not 
be explicitly known, but may be characterized in terms of their direction and rate of change, 
as well as their magnitude relative to pertinent landmarks (eg. above or below normal). 
, Given an initial state and perturbations, qualitative simulation can determine all 
mathematically possible successor states, though some of these may not reflect physically 
possible behaviors of the system being modeled. 

NEPHROSJ40] combines the ideas of causal physiologic representation and 
qualitative physiologic simulation. It is a modeling system based on the propagation of 
constraints through a series of gray boxes representing functional units of the human body. 
The gray boxes may be either discrete entities or further decomposable into structures made 
up of other gray boxes, thus implementing a hierarchic representation based on level of 
descriptive detail. NEPHROS has a simple model of renal function and is capable of 
reasoning about the pathophysiologic entities of congestive heart failure, the syndrome of 
inappropriate antidiuretic hormone secretion, and the nephrotic syndrome. 

KBPMS occupies an intermediate position in this spectrum of modeling 
methodologies, analogous to its stance relative to other computer based education aids. It 
incorporates the principles of numeric and qualitative simulation as well as the 
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representation of causal relationships at varying levels of detail. It is capable of reasoning 
about what something is and why something happens. It emphasizes the application of 
these features as educational tools, over their further theoretical enhancement 
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3. Project Overview 

This chapter briefly summarizes the design^ imp^ei^^rw^^efvaluatiori phases of 
the KBPMS project A more detailed description of each j$ ^ thc|*preseiUe4^ Chapters 4 
anrf-5. 

3.1. Design 

The design phase of this project consisted of the development of an intelligent 
physiologic modelings**** {KBBMS)fwilh the following capabifities: 

1. Compilation. KBPMS is able to compile r<i models fflK?odttn$ diffewptarea* of 
physiofcgic knowledge' into Internal computational structures for use jn carrying 
out its functions. Tfti Coders ate written m i UnMn^fr^ oasedlanguage ' 
[28], independent of the comjHaationaT^ctures om*> which^^ 

and independent of the procedural mechawsms bj *d^ sunuktion and 
explanation are carried out 

2. Simulation. KBPMS accepts perturbations to a model in any of the foflbwing 
forms: numerical values of parameters, qualitative .charaqte/iwtjions of 
parametei^^^anineHVbfpTkesses. 1 It shows m resulting nurnerical and 
qualitative perturbations as they propagate through "W feo^L f ttiitowing a 
simiilatiQArun rs KflpM&can e*plaw ttfra partieuiar event occurwd. 

3. Explanation. KBPMS fc able to answer the following queens, where the 
blanks may fcefilled%y^«n^ 

Whatis ? '■ ' ••■ > ■"■■■ j "^ •■•=- •- 

What directly influences ? 

Wh^is(»racUywfluencedbv T . 

Does influenc e ? . .,« . 

What are the mechanisms of ? 



.• . « 



4. Verijkatton. When eompairtf affiodel,, KBPMS ^performs limited checking to 
ensure internal consistency > The<tefmiUonofihBcoiai!aeiicy is given in terms 
of details of model structure in jetton 42 (page20> ? , ; 



lft rh, 



ough not necessarily combine. 
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3.2. Implementation 

The implementation phase of this project was twofold. Initially, a prototype was 
constructed in LISPW for a mainframe system at the MIT J-abpratory for Computer 
Science. The prototype implemented most features of the design described above, aid was 
fully debugged and operational using a simple model of respiratory physiology. It had a 
sufficiently powerful user interface to permit extensive testing, but lacked any graphics or 
advanced user support capabilities. 

A subsequent implementation was constructed^ MUJUf^JiO] using an HP-150 
microcomputer provided by the Harvard New Pathway. This -final implementation 
rxwsesser^Ae specfffcd design capabilities in ^^t^^^mmSty, user 
interftce. This mtertace features extensive a« of utteRrtive graphics and is fully 
compatible with other elements of the New PaAway educational software: The final 
version uses die same respiratory model as me protbtypei 

3.3. Evaluation 

Ideally, me evaluation objective of this project wouk^have been to fully assess the 
long tenn e%tivenessc^pPM§ asan edueatkmrf 

Pathway. However such conclusive and rigorou* evaluation ; wal imreaiisticafTy ambitious 
for the limited time span of the project (approximately .one yeax^O^refpre an attempt was 
made at some torm of limited but potentially reproducible outcome measurenutnt. with the 
prior realization that the results could be considered "soft". 

The evaluation phase consisted of a homework exercise in respiratory physiology 
which was given to all New Pathway students using standard educational icsources (class 
notes, textbooks, laboratory materials, etc). In addition, a randomly selected half of the 
students also had access to KJJPMS wbiie performing ^homework. A brief evaluation 
quiz was subsequently given to all the students, the remainder of the student were then 
given access to KBPMS. All stude^ and faculty weft em^rag& to report their opinions 
of KBPMS, its major strengths and weaknesses. All participation in this evaluation 
experiment was solicited on an entirely voluntary basis and one third of the 24 students 
complied. 

Analysis of the quiz scores of the two groups indicated that those students who had 
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access to KBPMS scored approximately the same as those who had not The mean scores 
were 78% and 76% respectively with a standard deviation of 27%. Due to this very small 
difference and the small sample size (n=8), these results are not statistically significant 
Student and faculty evaluation of KBPMS spanned a broad spectrum of opinions. These 
ranged from those who thought the program and respiratory model were exceedingly 
simplistic to those who felt they were far too complex, with a variety of comments 
inbetween and no general consensus. 
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4. Methods 

This chapter describes the methods, used, in e*f ryjng out the K WMS prefect It 
presents definitions of the relevant piij^lo^ jCf^ceft*, 0»e ltnewi*dge representation 
scheme wfiich was employed, the algorittan^^ 

functions, and deteibo* the evaluation strategy. These aaigustrated with examples drawn 
from respiratory physiology. 

4.1. Definitions 

The methods described below presuppose a highly simplified- view of human 
physiology, one whicli rnay.be f^lty described w,tewof|wwH«m processes, states and 
steps. For this purpose the following definitions apply: 

• A parameter is any potentially measurable physiologic entity. It may have any 
simple or combined units and thus may be an amount, concentration, rate, etc. 
(eg. tidal volume, respiratory rate). 

• A process is a description of the way in which parameters interact For example, 
the process of bulk gas flow describes the interaction of the parameters: 
respiratory rate, tidal volume, dead space, and alveolar ventilation. Increased 
respiratory rate increases alveolar ventflatfcn. increased dead space decreases 
alveolar verifibtion, and so forth. ! 

• A state is a characterization of the qualitative value of a parameter (increased, 
decreased, or normal) or the status (active or impaired). ©Ti process. For \ 
example, hyperventilation is a state characteriied by decreased arterial pCO, (a 
parameter), and adult respiratory distress syndrome is a state associated with ! 
impaired alveolocapillary diffusion (a process). 

• A step of a physiologic simulation is the set of changes of values of parameters 
indicated JaLth e rel ati on shi p s described by a s in gl e pns ccs s. ~Tftariftc fbftowmg 
would each describe single steps: "Alveolar ventilation (a parameter) is 
wn^Jwtenairijwinw ratejajajsmejialij^^ 

proceffi)."; C0 2 excretion rate (a parameter) is decreased and arterial pCO, (a 
parameter) is increased by increased alveolar pCO, (a parameter) through 
alveolocapillary diffusion (a process)." 
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4.2. Knowledge Representation 

Figure 4-1 describes the relationship between two parameters: metabolic CO- 
production rth^(C0 2 pted)iind C0 2 e]ra«tlon-ft^(V<±(^lB'^^gu;re. and all KBPMS 
diagrams, parameters areitpresented by squares and processes arc represented by triangles. 
The influence #f one parameter on AiotHer is «how1i uiif 'sold 1 with arrowheads 
indicating the direction <* ^Infltoence being Mm& ; Tm* $* 2 ploMion influences 
VC0 2 through C0 2 elimination (C0 2 ellmX 



4-1 : Air Abstract View of Ctt 2 Elimination 
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Figure 4-2 show flfc same relatiorisliip at a greater level of detail CO, production 
»flu«e« arterial pCC^ (paCO^ 1 through drcu^tO, transport (CO, trans) and 
paC©2 memo* VCC^ through resptt^ regulation of ftk (pCCL regl), in series, 
l^ove^-inlh^n^orc^pfbcfee^ 
of detail, but Figure 4-2 encodes more fine grained knowledge than Figure 4^1. 



Fhjws+2: ANforeiifeall^^iwbfCd, 




11. 



n j£?hm ^f^ tasun ° f Carb ° n **"** «* Untesg 0therwjse s P edfied . * «f«* to the partial 
ETXVl^ S, »n artenal blood, also designated « arterial pC0 2 and paCO ? . Alveolar pCO, 
(pACO ) » the parnal pressure f C0 2 in alveolar gas. Unfortunately, tL widely accepted uasel 
abbreviations can be somewhat confusing. » «*i««. »w w 
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Circulatory C0 2 transport and respiratory regulation ofpaC0 2 arethe/»w^a««mjof 
C0 2 elimination as shown in Figure 4-3. These processes may,; in tern, have mechanisms 
which we wish to similarly describe, suggesting a strict taxonomy such as shown in Figure 
4-10 (page 33). Here, as in all other KBPMS diagrams, the tftxanomic links »e indicated by 
dashed lines. 



Figure 4-3: TheMe^ianisnisof,CQ,Hi»^aMon 




CQ2 elii 





C02 trans 



pCG2 regl 
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Figure 4-4 is a unified representation of t^prececluig jthree %ires and shows 
influence as well as taxonomic links, Note, fcatp^^ha* m ( mm^m Wtamtftoc 
process of C0 2 elimination, and is only meaningful at the second taxonomic level. 



Figure 4-4: A Unified Representation of GO* ^mteation 




C02 prod C02 trans paC02 pCQ2 regl 



VC02 



wmmmmmmmmm 



i in ii i II ii 
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The fbBowihg are some properties of the representation strategy illustrated above. The 
example^ are taken from FiguW^lf; 4^,kd4-10tpages3ito$3). 

• Parameters can be very different things. They are united only by the property 
that they all have a potentially measurable value. For example, respiratory rate 
is routinely measurable and clinically important white alveolocapillary diffusion 
rate is somewhat esoteric and quite difficult to measure, yet both are parameters. 

• Processes can be very different things. They are united only by the property that 
they describe the interaction of parameters. C0 2 elimination is a very abstract 
concept while bulk gas flow is a very specific physical phenomenon, yet both are 
processes. 

• Processes at the same taxonomic level need not have the mine descriptive level of 
abstraction. In Figure 4-10 pulmonary gas transport, which is a physiologic 
process, is at the same taxonomic level as aiveotoeapiBaiv diffusion a nhvrir^l 
pioce»r~Tfie "only constraint imposed by the taxonomy is that a process' 
children be at a lower or equal descriptive level of abstraction than the parent 
The pertinent descriptive levels are: pathophysiologic physiologic 
biochemical, chemical, and physical The summum gems process is 
homeostasis. 

• The representation structure is a directed graph in which cycles are permitted 
This type of structure might perm| great descriptive powej, though it may also 
incur substantial computational cost At the very least, Iwe must be taken to 
avofd endftss cycling while traversing such a graph which describes one or more 
feedback ibopsr The/ algorithm which cairiest>utsimulatio\ arid circumvents 
this pitfall Is described inSection 4A ! - - 



• 



Information at different levels of abstraction must be consistent A necessary, 
though not sufficient, condition for consistency is that at any given level of 
abstraction (defined by the taxonomic rather man the descriptive, level of 
abstraction of the processes involved) there must exist a path between every two 
pjramejgrs wjuciuaie, amnfct e d Jy. a path at higher levto of abstraetion. 
Intuitively, a more detailed description must explain at least as much as a more 
abstract one. ,-.....-, 
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Parameters, processes, and states are not discrete entities, rather they all have an 
internal structure which may be described usirtg frames. A parameter frame describing 
pC0 2 is shown in Figure 4-5 12 . The type, names, descriptions, references, units, dimcal- 
measurability, normal-range, and physiotogic-range slots contain , the, indicated '"'static 
information. The associated-states, influenOrn^Prooeases, a^jirocfc*e§-ihflueifeed 13 slots 
are filled from information in the state frames and process frames atthe §fte mat a model is 
compiled. In the the latter two slots, the lists of processes are sorted^ their taxonomic 
level. The default-qualitative-value and deraulboumerte-value slots are used to initialize 
parameter values, which are then o>namic*lry %^ed£^% 4Htu^^ m 7tie following 
qualitative values are permitted: normal, mcreased, decreased, further increased, further 
decreased, increased toward normal, decreased toward normal, and unknown. These are 
discussed in Section 4.3 along with tm? quaUtaUw operators used to manipulate them. 



Figures 4-5, 4-6. and 4-7 show both the USP and MUMPS versions of d* corresponding frames. In 
MUMPS, strings are used as indexes to gtobaJs (raultxliawKional arrays) and therefore 
"Tglobai(modd,fauTK,sloUiidex)=^ show 

a formatted version of the MUMPS frames which indude two #btt not foufld in their MSP counterpart*. These 
are icon and glab which are used for the graphics component of the MUMPS veftk»£«r£BPMS. 

13 
Unfortunately, influence is not a very good choke of words here. Parameters really only influence other 
parameters JflBHigh. processes. The names of these slots seem to imply that parameters also influence processes 
perse and vice-versa. Stricu>spealcmg.th6isnotthecase. """ """"" *" 
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Figure 4-5; A Parameter frams^ 

(PC02 

(type: (PARAMETER)) 

(names: ("arterial p£Q2" "pCM" "paCW)) 

(descrlptlbn: ("partial pressure of carbon dioxide 1n arterial bipod")) 

(references: "Most p. 1") f~~ ' '' 

(units: ("an Hg")) 

(clInKal'iMBisurabllltyi (ROUTINE)) « 

(normal -range: (38.0 42.0)) 

(Bhys1oTog.1c-r*nge: (16.0 !<K).o)) 

(asspclated-s^ates: (HYPERCAPNE^ Mil HYPOCAPMftAfc) 

( 1»f leenclng-jjrbceases: ((2 (tlRCULAT0ftY-C02^fRAN$PORT RESPIRATORY-CONTRO 

(3 (CIRCULATORY-FLOM HAMONARY-GAS-EJCCHAIIGEn 
(4 (At¥E0UK«at4RYNMrp««I*Myf 

(processes- Influenced: ((2 (RESPIRAT0RY-C0NTRQL-0F-PC02J) 

<3 (€»l|liM»rt€«S»)y 

(default-qual1tat1ve-value: (NORMAL)) • 

(defauH-nuaerlc-value: (40.0))) 



PC02 



ASSOCIATED-STATES: HYPERCAPNEA 
NIL 

HYPOCAPNEA 
CLINICAL-MEASURA8ILITY: routine 
DEFAULT-NUMERIC-VALUE: 40 
DEFAULT-QUALITATIVE-VALUE: normal 

DESCRIPTION: partial pressure of carbon dioxide In arterial blood 
GLAB : paC02 
ICON: .476 

. 606668660067 

1 

4 

46 

INFLUENCING-PROCESSES; CIRCULATORY-C02-TRANSPORT.RESPIRATORY-C0NTR0L-0F 

-PC02 

CIRCULATQRY-FLW.PULMONARY-GAS-EXCHAIBE 
ALVEOLOCAPILLARY-OIFFUSIOM 
NAMES: arterial pC02 

PC02 
paC02 
N0RMAL-RAN6E: 38 
42 
PHYSIOLOGIC-RANGE: IS 

•.. 1M >!. 

PROCESSES- INFLUENCED: RE$P.IR4TOUY-C0ttROt-OF-PC02 

CHEMORtfiEXES 
REFERENCES: West p. I 
TYPE: parameter •' 
UNITS: mm Hg 
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Figure 4-6 shows a process frame describing bulk gas flow. The type, names, 
description, references, teleology, and descrfpfive-tevel-of-abstraction slots contain the 
corresponding items of static information. The influencing-parameters and parameters- 
influenced slots 14 contain incoming and outgoing influence tinks respectively. The is-a- 
mechan:sm-of and mechanisms ; slots waiatrup^ and downward taxonomic links 
respectively. (The mechanisms slot of the bulk gas flow frame, cdmiamslto because the 
mechanisms of bulk gas flow are not described in this !**&&£ Tie m^an^atfve-rules slot, 
contains an arithmetic expression composed of mfleencing-parameters, constants, and a 
parameter from the parameters-infhiehcea" list fhequditative^fules slot contains an 
influencing-parameter, qualitative algebraic operators*. ' and influ«wea%p«ranieters, 
respectively. The curators fnatfb*^^ 



monotonically decreasing ^M*>, > The semantics ; O^^ejf^ators is discussed in the next 
section. The default-status slot indicates whether this process h iionriafly active or 
impaired 



14 
Also misnomers in the same sense as previously indicated. 
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Figured: AProcessFrame 

(BULK-GAWLOM 

(type: (PROCESS)) 

(name*: ("Bulk gas flew*)) 

(description: ("flow of 8 «s voluews through the tr«cheo«roch1al tree")) 

(ref trwcu: "Guyten pp. 444-486' "West pp. 18-ldn' 

(teleolajjy: MIL) 

(<J«scr1pt1ve-1ev8l'0f -abstract ion: (PHYSICAL)) 

(assoclated-statM: (COMI)) 

(1«f1U»iicUl«-para«etoP$: (RESPIRATORY-RATE TIDAL-VOLUME DEAD-SPACE)) 

( parameter*.- h»f *»««*»<»: (ALifiBtAR^£»TiLAT»i) ) n -" 

( 1s-a-n»cftafl1»m-of : (PULMONARY -GAS -TRANSPORT)) 

(«flCh«n-1»m«:HIL) "■_■■. ] :vi?.r-r: 

(taxonoalc-level:, (6)) 

(eBrtMmive-rulesV (({TIMES RESPIRATdRYHRATE (O^FfERtNCE T IDAL -VOLUME 

/ ■■»,.-.,■ ^MO-5PACE),) ALVEOLAR-MEff^lfJtiJ^ uf 

(<HMl1tav1ve-rules: ((RfSPWATORY-RATE (M+ AL^EOLAM-VENTILATldN)) 

, ' , (DEAD-SPACE (M- ALVEOLAR-VENTILATION)))) 

(default-status: (ACTIVE))) ■-'•>■ \^mr'-" 

BULK-GAS- FLOW 



ASSOCIATED-STATES: COPD 
DEFAULT-STATUS: actlvt 

»«r!!JoI!!!? : . f1ow of 9 " vo1u "» s through tho tr.cheobrocMal tree 
DESCRIPTIVE-LEVEL-0F-A8STRACTI0N: physical 
GLAB: gas flow 
ICON: .83128 

. 160666660067 
1 
3 

90 
INFLUENCING-PARAMETERS: RESPIRATORY-RATE 

TIDAL-VOLUME 
DEAD-SPACE 
IS-A-MECHANISM-OF: PULMONARY -GAS -TRANSPORT 
MECHANISMS: NIL 
NAMES: bulk gas flow 

gas flow 
PARAMETERS- INFLUENCED: ALVEOLAR-VENTILATION 
QUALITATIVE -RULES: RESPIRATORY-RATE->M+:ALVEOLAR-VENTILATION 
TIDAL -VOLUME->N+:ALVE0LAR-VENTILATION 
DEAO-SPACE->M-:ALVEOLAR-VENTILATIOM 
QUANTITATIVE-RULES: ' ALVEOLAR -VENT RATION' »' RESPIRATONY-RATE '•( 'TIDAL-V 

OLUME'- 'DEAD-SPACE') 
REFERENCES: Guyton pp. 484-406 

West pp. 18-19 
TAXONOMIC-LEVEL: 5 
TELEOLOGY: NIL 
TYPE: process 
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Figure 4-7 shows two state frame* describing hypercapnea and adult respiratory 
distress syndrome, respectively. They are smaller thaH' parameter or process frames and 
their structare is setf^tanatory. Note that state ftames alto contain a descriptive level of 
abstraction, a^ that Aeyroay only represent the pertoftatfan ofWsmgfe parameter or the 
impainnegt of * smgk process. AH three types of tames permit muWpte synonyms in the 
names slot and any of thejr slots may be fitted with ML when irrelevant information is 
inappropriate or unavailable. » 



4-7: Two State Frames 



(HYPERCAP1IEA 

(names: ("hype re apnea" "hypercarbla* "hypoventilation")) 
(descrlptlve-level-of-abstractlon: (PHYSIOLOGIC)) 
(perturbation: (INCREASED PC02))) 



HYPERCAPNEA 



DESCRIPTIVE-LEVEl-OF-ABSTRACTION: phyaloloolc 
MANES : hypercapnea 

hypercarbla 

hypoventilation 
PERTURBATION: Increased 

PC02 
TYPE: state 

(AROS 



(type: (STATE)) 

(names: ("ARCS" "adult respiratory distress syndrome" "shock luna")) 
(descr1pt1ve-1evel-of-abstract1on: (PATHOPHYSIOLOGIC)) 
(perturbation: (IMPAIRED ALVEOLOCAPILLARY-DIFFUSIOM))) 



ARDS 



DESCRIPTIVE-LEVEL-OF-ABSTRACTION: pathophysiologic 
NAMES: AROS 

adult respiratory distress syndrom* 
shock lung 
PERTURBATION: Impaired 

ALVEOLOCAPILLARY-OIFFUSION 
TYPE: state 
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The examples used above are taken from amatol of carbow-ftoxide homeostasis by 
the respiratory system. Hiis model was, prepared ysifig»c0iiyt©tt% [4^ and West's 
[43] tejubooks of p^jfsiology, Figure 4-8 iHUstrates 4e parametere and processes m this 
model The influence links and taxonomie links are shown 4n Figures ¥t and 4-10 
respectively. Appendix 1 lists the (ampler 

carbon dioxide homeostasis model is quite small (U paiamet^ 11 ptdasses, and Estates) 
and encompasses a correspondingly limited subset of medkaJly relevant respiratory 
physiology. None-the-less, it seems reasonable to assume i that .aphyskrfogic model encoding 
the sort of knowledge that we wish to teach rnedjeaj ||udents about a particular aspect of 
human physiology (respiratory, cardiovascular, electrolytes, acid-base, neuro, etc^nnght be 
described by models of this order of magnitude (ie. less than 100 parameters and processes). 
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Figure +& AModetdfCO^Homeosttt^trthe 



System 




^ ; ;^K|^^^* i; #i; 
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Figure 4-10: The 
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4.3. Qualitative Values and Operators 

The semantics of the qualitative operators til + and M- ate based on the Incremental 
Qualitative A4geJ>»<rfd««kef43?^ to( jeal 

with the additional qualitative values which are not present in dcKker's original four valued 
logic. The new values are: further increased, further decreased, increased toward normal 
and decreased toward normal; and these supplement: normal, increased, deereased, and 
unknown. 

The new qualitative values are somewhat imprecise concepts which encode a 
combination of a parameter's magnitude, direction and rate of change, as wef as its past 
history. A parameter which is normal and erKxaiSters an increasing influence becomes 
increased. If it then encounters another increasing influence it becomes further increased 
Subsequent increasing influences will not change the value of the further increased 
parameter. IT an increased or further increased parameter encounters a decreasing influence 
it becomes deereased toward normal. The notion of homeortatic forces Jeturning a 
physiologic system to equilibrium^ ftftpHeit in this last transition. 

Figure 4-11 illustrates the complete semantics of £*■*? aftdj^» For exampje, consider 
the process frame describing bulk gas flow shown m Fkure \>6 (page 7ft. It contains the 

foHowaig entry in its quahtaUve-rules slot: « 

<*. »"-. ■ . '* 

RESPIRAT0Rr^4TEi>H+:ALVE0LAR-VEIITILATI0ll 

The semantics table for M+ in Figure 4-11 gives the resulting value for alveolar 
ventilaeon given its initial value (the parameter influenced) and given the value of 
respiratory rate (the influencing parameter). 
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Figure 4-1U Semantics of the QuaHtaUve Operators M* and M- 
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4.4. Algorithms 

The algorithms required to perform the foof tasks listed under Section 3.1 are 
straightforward variations of well known graph traversal techniques. They seem quite 
modest in computational cost, considering die relatively unconstrained nature of the data 
structure described above. 

Compilation can be performed by instantiating frames for each of the entities 
described by a model The precise way in which thip is done varies depending on the 
implementation. However, as noted in the pievWsecdon, the u^eof gtobals indexed by 
strings in MUMPS provides descriptive power equivalent to structures and property lists in 
LISP. In either implementation it would appear that the cost 4s lfneaf in both space and 
time 15 . 

Simulation can be performed by breadth-iirst propagation of perturbations among 
parameters a& follows: 

1. Initialize: Set all parameter values to normal and the status of all processes to 
active. ... ~ . -....-, . ; ~~- -...■.--.— 

-J? - . ..'"■■■.'■■ 

2. Obtain, from the, user, the perturbations to parameters and impairments of 
processes. Mark these accordingly and enter the perturbed parameter into a 
FIFO parameter-queue. 

3. Pmpagite: If there are no parameters in die parameterqueue (hen stop the 
simulation. Else, fop each parameter in me parqmeter-queue add all' active 
processes-influenced, at the lowest taatonomte tevet , io a FIFO process-queue. If 
an impaired process is encountered then inform, the "user and stop 1 the 
simulation. 

4. Flush the parameter-queue. 

5. For each processes- in die processes-queue, if the processes has non-null 
quantitative-rules and its influencing-parameters ail have non-null numeric 
values, then proceed numerically. Else proceed qualitatively. 

6. Flush the process-queue. Goto propagate. 



In the following discussion all estimates of computational cost are with respect to the number of entities 
described by a model, hence the number of nodes in the graph representing iL 
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7. To proceed mmericalfy; Evaluate each quantitative rule and assign the resulting 
value to the parameter-influenced. If the value is outside the physiologic range 
then inform the user and stop the simulation. Else add the parameter 
influenced to the parameter-queue. Return. 

8. To proceed qualitatively: Evaluate each quaiitati*e rate (by applying the 
semantics of the specified qualitative operalw) and a««n the resulting vaiw to 
the parameter influenced If this value is not <unknown> then add the 
parameter-influenced to the parameter-queue. Return. 

This breadth-first propagation of perturbations might J# exponential in the worst 
case, but, at any given taxonomic level, |fcm jPO||Mp ^m ^^yJK^^^lMnidriQg r Aoior 
(often 1), and hence only a handful of paths to be followed. Perturbations are propagated as 
numeric values so long as they, and quantitaTfve-rtrfe^ ; tnl ; n^ d^.#s available, When 
these are not available, propagation is continued on a qualitative basis. A trace is kept of the 
simulation, and, questions of wk* something happened aw «isweiidd fey indkaUng the 
influencing-process, and its influencing-parameters, which caused a parameter to change 
value, along with thetom^dlngqiialiti^ "In 

step n, alveolar pC0 2 (the parameter-influenoed) was increased by increased FICO, (the 
influencing-parameter) through lower airways gas mixing (the influencing-process)." 

Regarding explanation, the description <$ parawtors, processes, and states is 
computationally straightforward and can be accompUsbed by filling m following sorts of 
templates: 

1. What is <parameter>? 

<parameter> is a physiologic parameter, the <description& measured in <units>. 
Its normal values are <k>wer limit> to <upper Iimit>, and its physiologic range is 
<lower limit> to <uopecJa$>, U is <clink^-raeaSuBabdity> »meajurein most 
clinical settings. Increased <parameter> is called <increased state>. Normal 
<parameter> is called <normal state>. Decreased parameter is caljed <decxeased 
stateX For more information see inferences*; 

2. What is <process>? 

<process> is a <descriptive-level-of-abstractioh> process, the <description>. It is 
a mechanism of <is-a-mechanism,-of>, and serves to <teleology>. It mediates the 
influence of <influencing-parameters> on <parameters-influenced>. Increasing 
<parameter> {increases, decreases] <parameter>, and vice-versa. The 
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mechanisms of <process> are <mechanisms>. For molt information see 
<references>. 

3.Whatis<state>? 

<state> is a <des6riptive?tevd^-abetraeti0ii> state cnaratteriBed by {{increased, 
normal* decreased} <parameter>, impaired <pfocess>}. For mote ImSrmation 
see <references>. * 

Explanation of static relationships 16 requires an algorithm to find a path formed by 
influence links between two nodes in the directed grapn representing a model. This requires 
Ofa 2 ) time using the foltowingtkrkingafeorithm: 

1. Initialize: Mark the two nodes between which a path « to be sought, each with 
its own name. Push these two nodes onto stack A. Create an empty stack, B, 

2. Iterate If stack A isempty then stop, there is no path betweciHhVtwo nodes. 

3. For each node in stack A (influencing node), examine each node to which ithas 
an incoming or outgoing influence link (influenced node). 



a. If the influenced node is not marked then mark it with a list of names 
created by concatenating its name to the mirk of the influencing node. 
Push tlte influenced node ontostack B. 

b. If the influenced node is marked and if the first name in the mark lists of 
the influenced and influencing nodes are not equal, men a path has been 
found. The path is described by the concatenation of the mark list of the 
influencing node and the reversal of the mark l«t of the mffuenced node. 

5. Interchange stacks A and & Flush stack B. Go to Iterate. 

This procedure may be carried out one taxonomy level at a time m order to provide 
increasingly detailed or increasingly abstract explanations. The limited integrity checking 
referred to in Section 3.1 also requires verification that a path exists, at a given taxonomic 
level, between two nodes. It too can be performed using this same marking algorithm. 



Answering the questions listed in Section 3.1 (What is directly influenced by, etc.). 
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4.5. Evaluation Techniques 

The preliminary evaluation of KBPMS was GUTfctfotitby the author in collaboration 
with the director of the "Matter and Energy" segment of the New Pathway curriculum. The 
performance of the final version of KBPMS and the contents of the respiratory model 
described in Section 4.2 were submitted for review, and subsequently approved by him. 
The author prepared a syllabus of educational objectives, a homework exercise, and an 
evaluation quiz in respiratory physiology which were also reviewed and modified by the 
curriculum director. These are shown in Appendix IV. The quiz contained 8 questions 
which were equally divided into two different types. Type I questions (1, 3, 5, and 7) were 
worded so as to be very similar to the questions which might be asked of the KBPMS 
program. Type II questions (2, 4, 6, and 8) were worded to avoid any such similarity. 

In January 1986, during the regularly scheduled pulmonary physiology segment of the 
New Pathway curriculum, the students were given the homework assignment A randomly 
selected half of the group was also given a diskette containing the KBPMS program and the 
respiratory model along with instructions on bow to install and use these on their HP-150 
microcomputers. These students were asked to use KBPMS as an educational resource, 
along with their textbooks, class notes, and laboratory material, in completing the 
homework assignment The students were not requested to hand in the homework and it 
was never reviewed or graded. All the students were fully aware of the experiment in 
progress and their co-operation was solicited on an entirely voluntary basis. They were 
carefully informed that the results of the experiment would in no way influence their own 
evaluation in the physiology course. 

Ten days after distributing the homework assignments to all students, and the 
diskettes to half of them, everyone was given the evaluation quiz and asked to do it at home 
without referring to any educational resources (dosed-book, closed-computer). Their 
collaboration was, once again, to be wholly voluntary. Following the quiz, the remaining 
half of the class was given KBPMS diskettes. On several different occasions, all the students 
were encouraged to submit their evaluation of the program's pedagogic value. 

One month after the quizzes were handed out to the 24 students, 8 of them had been 
completed and returned. Of these, 5 came from the experimental group (those students with 
access to KBPMS while doing the homework) and 3 came from the control group (those 



40 CHAPTER 4 



students who were given KBPMS only after the homework and quiz). In the same one 
month period, 9 students submitted their evaluations of KBPMS. 
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5. Results 

This chapter presents the results of the KBPMS project ^ describes the prototype 
and final implementations of the intelligent physiologic modeling system as well as the 
outcome of the evakjatiow experiment ? ^s 

5.1. The Prototype ImptemerttatieU 

The prototype of the intelligent pjiy^o|o|^ modeling system was constricted in 
MACLISP [44] and runs on a DEg : 1980 mainframe ia the #tT libera**/ for Computer 
Science. The prototype implements all of the specified design features except for impaired 
physiologic processes. It has been fully debugged and tested using the model of respiratory 
physiology discussed in Section ,4.?,., When running th«t mode*, the prototype provides 
under two second toniaround time foT;ho#j simulation and explanation. Timing studies 
indicate tha^the majority of computational overhead is incurred by string manipulation and 
output formatting, ^mer thm by tlie reasoning QCHO|)ooe0t3 of tJie program* 7 . 
Approximately one : montfi of fif^time pwgwunotingeflfort was reauktd to construct and 
debug the prototype. 

5.2. The final Implementation 

The fma* version of KBPMS wasi constructed" m DataTree PC/MUMPS/2.1 (L7T- 
MUMPSH45F and runs 4 on the New Pamwaf srlf^l^ 1 Mrcicomputers. It implements all 
of the specified design features (ifichtdrng iffiiM)ira^ debugged, 

tested, and was used try thTNew Pathway tifMy^ii respiratory model shown in 
Appendix I;' When running that model t(iiPli^'iio^^^'KoqnA turnaround time 
for simulation and 3 to 5 second turnaround for ^pliiafidW f^iig stupes tadlcate that 
much of this overhead is attributable to graphics-related computation and, like the 
prototype, reasoning components of the program incur relatively modest computational 
cost . Approximately three months of lull time programming effort were required to 
complete the final version. Appendix II lists the instructions for using the final version of 
KBPMS and Appendix HI shows an interactive session which illustrates both its reasoning 

17 
It should be noted that MACLISP has extremely primitive string manipulation capobiiRiea. 

DTrMUM^S running on ike HP-150 has very stow nwfhWWatkrt and trigonometric futfotons. These are 
pruicipaily responsible for the tong graphics compu«i«A»ai; 
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and graphics capabilities 19 . 

5.3. Evaluation Results 

As mentioned previously, all 24 New Pathway students were asked to do the 

evaluation quiz on a voluntary basis and 8 of them returned the completed quiz to their 

instructor. Of the 8 quizzes. 5 came from the experimental gt»up (KBPMS access) and 3 

came from the control group (no program access). Table 5-1 summarizes the quiz scores for 

the two groups. The raw data fe presented in Append ~t Type I questions arc those which 

were worded to resemble ICBPIvS, Type r 1t ques&ns are those T whfcK Were worded to be 
dissimilar to it ■:■■■■;> >., ;!;: . .•...,.,-, »-.,!;*■-.■:■" .•■.:-"s. ■.■ 

The results shown in Table 5-1 indicate" that the experimental group scored very 
slighUy higher than the control group overs*. Thfe rttatk>hship holds for type II questions 
considered atone* but fe reveled for Type ! questions cor^deretf lone. These results arc 
not statistically significant fe*^of the very smalfdi^ and sample size. Clearly, no 
inferences as to the pedagogic valaeof KSHUS may Be drawn ftM this dafci 

As indicated previously, there was a wide variety of reactions to KBPMS among the 9 
students who submitted their evaluations of it Som^ftieinatr^was an unnecessarily 
elaborate way to teach very sirru>^ concepts, Ot»ip stated that ihe i^tenaJ covered was far 
too advanced, or might be suiti^gojty as a final I revie^ ^^a^ } ra|h^th^ ; %iir«aaty *earning 
resource. There were several comments, that occupied aft in* rotate position in this 
spectrum of opinions. Append^ VJ jh^ws sr^pf t^s^ 
representative of each extreme as well as the middie ground. There was no uniform 
consensus among the students' opinions. 



Unfortunately, several important featum such as the use of the touch sensitive screen for interactive 
graphics are not amenable to presentation in thispfiaiedmed&im. 
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(all scores are X) 





Type 


Experimental 

(n-6) 
mean s.d. 


Control 


Both 


Question 


(n 
mean 


-3) 
s.d. 


(n 
mean 


•8) 
s.d. 


1 


I 


76 


24 


93 


12 


83 


21 


2 


II 


68 


42 


43 


40 


58 


40 


3 


I 


75 


18 


87 


29 


72 


21 


4 


II 


90 


10 


97 


6 


93 


9 


6 


I 


80 


27 


77 


26 


79 


25 


8 


II 


74 


37 


100 





84 


31 


7 


I 


90 


7 


93 


6 


91 


6 


8 


II 


72 


23 


40 


35 


60 


30 


111 Type I 


Questions 


80 


20 


83 


21 


81 


20 


111 Type II 


Questions 


76 


30 


70 


37 


73 


32 



All Questions 78 25 78 30 77 27 

Table 5-1: Summary of Quiz Scores 
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6. Discussion 

This chapter begins by describing some of the strengths ami weaknesses of the 
methods used in constructing KBPMS and Jheir effec^ the program. This ferfellowed by 
a discussion of the outcome of the evaluation experiment and a cr^deratiori of possible 
directions for rojurewc^ suggested b/i^ by discussing 

some of the TOn^techntetf^iicatfons^ftis 

6.1. The Strengths of KBPMS 

The principal advantage of the representational system employed by KBPMS is that 
the taxonomy based on processes' levels of abstraction allows for explicit control of the 
depth at which reasoning for simulation and explanation takes place. This potential has 
been fruitfully exploited in the explanation section of KBPMS. This is illustrated by Figure 
6-1 which shows a question being answered at several different levels of detail 20 . However, 
the potential power of the knowledge representation haTnot been fully exploited in $is 
regard by the simulation section. KBPMS, like some of its predecessors (eg. NEPHROS 
(40J), performs simulation by the propagation-of perturbations at only the most detailed 
taxonomic level. 

The major advantage of the simulatip^llgorithm used in KBPMSbfe its ability to 
combine numeric and qualitative values. As shown by the simulation in Figure 6-2, numeric 
values are used whenever Ihey «re available and appropriate, with qualitative values being 
used otherwise. This approach is consonant witb- both clinical and teaching practice whjen 
only incomplete numeric data is available* as in rrjost real-world situations. 

Another strength of KBPMS is its representation of physiologic entities as having 
meaningful internal structure. The examination of this internal structure is the basis of tfie 
program's explanation capabilities. The need for sound explanations based on physiologic 
pfificiples^heen cwofthe thivm^ as d^cussedffi Section 

2.2. Certainly the importance of explanations cannot be overlooked in a teaching setting. 

The simulation and explanation algorithms described in Section 4.4 have been quite 



20 
An interesting related point is whether the strategy of generating such explanations in a top-down manner 

(most abstract explanation first* as done by KBPMS, is indeed pedagogkally preferable to the inverse strategy. 
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Figure 6-1: A Question Being Answered at Several Different Levels of Detail 

Q: What directly Influences C(tt excretfoti rate (VC02) f 

A: TMs question may tre answered at four different levels of detail. At the 
most Abstract leyal. C02 excretion r**a ** AlewetSy Ifrfluafleed by matrtoUc 
C02 production rata through „C02 elimination. At a more detailed leval. CO* 
•xcrttloo rate « c d^aetfy 1»flu#iW*U B^ 'HhUtffrpfytot 'tlrdugf %eipfratory 
control of pC02. At an even more ^^i^Jg^\^S^ n i m ^ § ^ m{1tM t 9 \\% ..... 
directly Influenced by respiratory rata and tidal volume through pulmonary gas 
exchange. At an even more detailed level. C02 excretion rata 1s directly 

^lot^cJjl^a^d^f'sfon 2 " - «"°^"»>^m^ *«* "™* 



COB prod 




mimt^m>m^ i i^f''*ffi^f 1 ' 1 ^ 
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Figure 6-2: A Simulation Showing MifedJlumerid andt&aHtetive Capabilities 

nMlV^Sl? T n ' m ^ OncreaitajVr^plrttory'rau-ib broths per mln 
(Increased) [ie. nyperpnee] and tidal volume-aso ml (dec*eas»d) as specif led 
by the user. 

In step 2, bulk gas flaw »id*it*4 ! tWfbHoi»fhQ r Influence: VA-^*(VT-V0) 

(decreased) and dead space-250 ml (Increased), therefore alveolar 
yent1lat1on»2000 ml per mln (decreased) [Ie. alveolar hypoventilation]. 

11 l~\<«Sl*lV u *lF°i 1 V n ^ M l!^ , * r ***** *l^*«r ventilation (2000 
ml per mln) tnroue> towtfr airway" gas mixing. 

in. step 4. -£to-{l&Wfamfa?M3*m4m*i*m4m***W<ifC9t isUicreeaed Tie. 
hypercapnea] by Increased alveolar pC02 through alvealocapilUry diffusion. 
In step j... respiratory **te U f«Kt*e> -fMrttW ei§? au 9 m.nUd hjpirpne.l and 

In step 6. alveolar veet1lati«i ,4s Increased tdwar* nornal [to. diminished- 

In step 7, alveolar pC02 1s decreased toward normal by Increased alveolar 

ventilation through lower airway gas mixing. 

In step 8. C02 excretion rate 1s Increased toward normal and arterial pC02 1s 

■SM , S!ii?!r d n i Pma Lf]*- M* ini '***WK**l>***lito de*r**aed areolar 
pC02 through atveelocapfllary' diffusion. - r « 
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efficient in practice. The reasoning features of both the preliminary and final versions of 
KBPMS have incurred only minor computational oasts relative to far more mundane 
features of the programs, such as string manipulation and graphics respectively. This would 
tend to confirm the intuition that KBPMS is suitable for modeling severaf overdoing 
aspects of human physiology, each of which might be oa the same order of magnitude as the 
present respiratory modcL 

An advantage which is closely related to #riency is the simple overall structure of 
the modeling system. This has permitted its implementation using standard programming 
technology (ie. an imperative, procedural, pjjpgrammjng: language, without specific list 
processing capabilities) following its initial (Jevetopment and refinement in a )USP 
environment This is an important consideration in view of tffe resource and compatibility 
constraints imposed by the microcomputer setting m whieh c tlie program was to be 
ultimately used. 

Other advantages of the intelligent modeling system, include its ability to 
accommodate synonyms and its friendly user interface which incorporates interactive 
graphics. Together, these features greatly enhance the flexibility which seems particularly 
anted to a teaming environment The synonyms are Hso appropriate to the task pf 
^vocabulary building which was proposed as one of the software! modules for the New 
Pathway (Table '1-2. page 6). 

6.2. The Weaknesses of KBPMS 

The most fundamental limitation of K«PMS Is its gmss simplification of real 
physiology. This simplification is manifest in several different way& Most itnportant is that 
the conceptual framework of parameters, processes, states, ami steps is substantially 
insufficient to capture tfie full richness of this domain. Thus KBPMS has no explicit 
description of rate lmMtedjwpcess^s, quality thresholds, paraflei mechanisms, interaction 
of primary and secondary influences, and many other impwtant physiologic concepts. The 
program also lacks a coherent notion^of such processes as diffusion, bulk flow, and 
electromotive ion transport, which are a more fundamental aspect of physiology than the 
body-system-specific models which it maculates. Processes are unrealisticaily restricted to 
the binary status of active or impaired, and cannot represent the typically partial or altered 
functionality associated with most pathological conditions. 
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Simplification is also a liability in both #« quantitative and t^uaRtative simulation 
methods 9mto»*L& KBS&I& Numerical operations are permitted on only the static 
values of pjrafftefers, m4 ihe CjHscig^ descriptive power of a 

^«M»1 equation woii^ 
orators rjfctinft^pos^v^ 

the distinctions between the magnitude, direction of^H^nHeofcftiii^e, and the past 
history of a parameter. Temporal relationships beyond simple ordering are entirely 
ignored. 

States are also greatly simplified and allow for the description of only a single 
perturbed parameter or a single impaired process. In reality, a pathological state such as 
adult respiratory distress syndrome is associated with a large number of such perturbations 
and impairments. 

The limitation of carrying out simulation at only the most detailed taxonomic level 
was referred to in the previous section. A consequence of this is the program's 
inappropriate response to the impairment of processes which are at a more abstract level. 
For example, if the process of C0 2 elimination shown in Figure 4-4 (page 23) was impaired 
but the other processes shown in the Figure were active, simulation would proceed 
, unaffected by the impairment A possible remedy would be to propagate all impairments 
through to the leaves of their taxonomic trees. However, in this example, as in most 
situations, this would merely cause simulation to stop altogether as all pertinent processes 
would be impaired. 

Another weakness of the process taxonomy is that it is not really strict A low level 
process such as diffusion is a common mechanism of several more abstract ones. The desire 
to maintain a strict taxonomy necessitates the somewhat contrived definition of tissue 
capillary C0 2 diffusion, alveotocapillary diffusion, and lower airways gas mixing as distinct 
entities (processes). Clearly, each of these is fundamentally the same physical phenomenon, 
but that knowledge is not encoded in either KBPMS or the respiratory model 

A specific weakness of the present respiratory model which is not an inherent 
limitation of KBPMS, is the lack of separate descriptions of the arterial capillary, and 
venous portions of the systemic and pulmonary hematogenous circulations. The current 
respiratory model implicitly assumes that C0 2 is exchanged between the alveoli and the 
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systemic arteries. This simpli|yjng assumption leads to specific ifl&ccttfacies in simulation. 
For example, if one starts a anarfatiod by increasing metabolic G0 2 p«dactfon raSe ; as in 
Figure 6-3, then tt|e program shows : Hm$kmiM^/COf (pk@0 2 $m4mms& iff step 6. 
Each inference made from step } to stop 6 is eowcUmt «» mutt* rtot Tie model is 
incomplete an4 neglect* j» consider the tflcreased pCX^ iit ly^mic veins, hence in 
pulmonary arteries and cauteries, which would diffuse fatter the alvefrH ami increase 

PAC0 2 . ' . :;:w.: r;,' ,:,3*.:^. ' 
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Figure 6-3: An Incorreqt Siai|iJation 



In step 1, metabolic C02 production rate 1s Increased *s specified by the 

.... usvr* 

JUtrjK^ 1 ItV- 1 "* PCOZ Js 1ncr,.Mdby ine«Mt*«ete«M»H C CM production 
rate through tissue-capillary C02 diffusion, 

nC r;Sr«;,„riw*! f^ J? *•***•■«• £<•• hyperc.,*,.*] by Increased capillary 
pcuz through circulatory flow. 

!nrf»!!J , K P *?^ fi *°^ >,,te 1s 1ncp ««**<* C1«. hyperpneVj and tidal volume 1s 
Increased by Increased arterial pCOZ MW&. the rswdul wry; chwnoref 1»x. 
in step 5, alveolar ventilation 1s Increased [1e. slveolir hyperventilation! 
nil r,t * 1ritor * '■•*•«•«« IwVeisW tlial^Vume^hrJugh b2lk gas 

Irt step 6. alveolar pC02 Is decreased by Increased alveolar ventilation 
through lower e1rw#y 0#* mixing. 

?L!!! p7, °? 2 • xcr>t10n r "«te 1s Increased and •r^rlal. pC02 1s decreased 

to*** norma t1»./1»1n1ahe#^percaf««J by Urease* alveolar pC02 through 

alveolocaplllary diffusion. , . r - "irougn 

I« step 8, respiratory rate 1s decreased toward normal rie. diminished 

nyperpnea] and tidal volume 1s decreased toward normal fey deere%*ed arterial 

PC02 through the medullary chemoreriex. 

In step 9. alveolar ventilation 1s decreased toward normal Tie. diminished 

al veol ar hyperventl 1 atloa}. ^^by, «*«reaftt4,ifet*lT*t6rf % at# a*# decrease* tidal 

volume through bulk gas flow. 

In sup ,10, alvwoUr pC02 1s f*cre»sed toward ttormaT ty decreased aTveolar 

ventilation through lower airway gas mUiag. 
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6.3. The Evaluation Experiment 

Many of the above strengths and weaknesses of KBPMS were suspected at the start of 
this project Less well understood, and therefore of greater interest, were their potential 
ramifications for the program's utility as a learning resource l&foiS&aiely, even relative to 
the modest objectives outlined jn Section 13, the evaluation experiment must be considered 
unsuccessful. The meager data whicfc were collected canjiot support any substantive 
conclusions regarding the program's pedagogic value' The most obvious reason for tbislack 
of success was me small number o^New'Patjiway students who complied with me request 
for voluntary participation in the homewc** ^frcise and qui?. This somewhat 
uncharacteristic lack of enthusiasm was, in turn, the consequence ofseveraf distinct causes. 
One cause was a severe crowdtag^ thcs^^Vsc^ 

underway. Even given that medical students are chronically ov^^enecl they were much 
busier than usual at thkfime. 

A second reason for the students' uncnthusiastic response was the lack of advance 
notice given to all concerned regaining KJ&PMS aadJ the evaluation experiment The 
program and evaluation instruments were first submitted to the curriculum director six 
weeks before the start of the respiratory physblogxcoujrss Jl> MtsasmL a Jead-tim«L4n 
excess of six months would have been iar more appjopnate* Th» wouW have allowed 
KBPMS and the evaluation experiment to be percora^thTOigh and Be rmodmed by various 
curriculum and departmental committees, thus l>eesmingjiiutty iiitegratedpart ofthe New 
Pathway. Instead, both KBPMS and the evaluation experiment were regarded by the faculfy 
as last minute 21 , ad hoc, add-ons. They were presented to the students as such, and in view 
of the students' already hectic schedule, their uMrnate^iespmise seems altogether 
appropriate. 

Another disincentive to widespread use of KBPMS by the New Pathway students was 
an operating system bug which inkiaHy^even^ some of thmMm loading the program 
onto their microcomputers. However, the most important reasons for the poor studer^t 
response were likely rekted tome previously indicated weaves of KBPMS itself, to its 
slow response tunes on the HP-150, and to the overly simplistic nature of the respiratory 
model. Because of these and because KBPMS had nc>t teen folly integrated into their 

21 
In fact, tfie program was distributed to the students just m mey ffimeJejel their study of pulmonary 
physiology and moved on to the renal segment of the course. 
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curriculum, many students did not reg^d it as sufficiency relevam to their immediate 
learning needfc to merit evtn the modest mvoatraent of time and eflort foerftaps naif an 
hour).R^irad^ta^^ *deta««rf laboratory- 

type exercise wnk*. w jght have "led the student* thioBgH" the pteg*anVs capabilities was 
not provided 22 . Overall, insufficient attention was paid to the pedagogic and student 
interlace issues relating to KBPMS. The failure of this e»^al«««!^airaeiH«mforce€ the 
importance of these issues and suggests that they merit increased amsideration in future 
work of the type. " : : "'*' ' nH:i " y ''' r: '-' 1 ' '-w*'-™* l nHi: - -- *• 

In addition to the small student Tesponse; there were a nymber of serious fimitations 
in the design of the evaliiation experm^wm^ of 

its results. Even if a»24 students had returned Ae quiz, ** wmmf sftt hare been a small 
sample**,^ an unreaKsticalry ' ta^ jdMb^M^'li 'iibip'ii^fifol^f jg^^jitred for 
statistical signirfcance**: m' addition/ : wtt|^^ 

students might not have resulted in an equitable distribution of talent among the two 
group* Sine* both thenooiewoi^afiitipi* 

it is difficult to know how many sfdentir re^nlf as§e%^£^^^^'t^ w many 
students realry completed the quiz clo^-boc^and ! l **'""" 



•sc 



Yet another Ijmiuuk* of this beleaguer^ evahiation attempt lay in me nature of the 
outcome being measured. He goafcof the New ftrthway tome'acqufeition ^attitudes, 
skills, and knowledge whfch might equip physicians Tor kfemg learnlng^wc^ The role 
of information technology in the New Pathway is to provide resources to facilitate such 
lifelong learning and la iwtifl* wdeocoun^saj^ evaluate 

such an effort -by *rfc»sfci£«^^ after 

using a simulation program seems ffreTevant or evenlontradjc^^ to lhe,$t*wt ©f |fee entire 
enterprise. An alternative outlook on evaluation might have been be to consider the 
modeling system as a sreaU paffiofarmifeediieiliGi^^ wUl 

not be known for many years or even decatf&ffmfteWr^ and 

if student and faculty response fofeJe^t^yiPg^ 



nc'U! J: 



TTie homework assignment shown in Appendix IV was much loo general for this purpose. 

23 
Assuming standard deviations of 20%, a difference of 11% in mean scores would have been required for 
p<0.1. and a difference of 20% would have been required for p<0.0l. using a one tailed Hest. 
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use and development the* such modeling, will have ton fenestrated to be a usefiil 
educational aid, and vJce-vetsa. However, this User outlook does hotiuigest an effective 
means of assessing preliminary progress toward the ultimate education goat. Evidently, the 
meaningful evaluation of this type of project remains a very substantial challenge. 

6.4. Directions for Future Work 

Viewed from a somewhat more optimisdc perspective, the outcome.of the evaluation 
experiment supports the assertion that KBPMS is at least potentially exploitable as a 
learning resource and, along with the prea^ disc^s|pn ; of the program's strengths and 
weaknesses, suggests the Mowing direction 

• Enhancement of the respiratory «odd to include separate descriptions of the 
arterial, venous, and capillary partstflh* systejn|c^i|ufc!Qn^^^ 

it also seems worthwhile to add a desertion of pO, regulation and some 
pertinent aspects of acld^bWrnetaodfrW M ' 

• Repedtfon of ainodW^ e\srf«ati^ better 
student interface materials, and closer collaboration , witk multiple members lot 
the Newr Pathway faculty. Evaluation of KBPMS in a different educational 
setting would also be of interest n. 

• Development of aa authoring module to facilitate the construction of models of 
other aspects of .phj^sjoJogy ana; Jtfae construction .«£ several, such models. 
Cardiovascular, renal, and endocrine physiology, all seem well suited for this 

.' purpose. j ; " -•■•"'• " ■'-'- ! -'■■■■• ■"■' " 

• Enhancement of K^PMS to incorporate mote powefful representation and 
reasonin| capabili^ Tfo use f a di^M equation, model for numerical 

S,m ?r?" ^ d a ^H" h ^t 39 J algorithm fof guali|ative simulation might be 
goodnYs^step^Mtfi&olfecbon. —^ 

• There js, tf coursei a potentially enormous amount of work which might be 
done to advance the fron^ers of our ability to utKters^aad* desciibe. modei and 
simulate physical events in accordance with the causality whjph, wetradittonally 
ascribe to mem. t^lrtately, tfffe niigrVt lead to ole development "of more 
powerful techniques upon which one might build a more intelligent physiologic 
modeling system. 
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6.5. Non-Technical taBitcations of this Project 

this project has attempted to apply oom|wtad<»a1 tephnjques and resources to the 
goal of advandftg medkk educatibn withtrt me ftame^^^ New Pathway. 

Although thiswork has been both preliminary and limited in] scope, it seems worthwhile to 
consider some potential Implications of the course which we have begun to chart. The 
philosophy and objectives' of the New Pathway were dpqrib^d to Chapter 1. Might 
KBPNfe (or its sri&estors) impinge on this phtk^hy^th^^obJjBctivres beyond the 
immediate technical domain 'of the woifc itself? It ^ physiologic 

modeling has several such broader implications and 'tteaTieist the following two are 
directly pertinent tp this thesis. u 

One nbn-technical implication of this project relate* to the New Pathway's objective 
of teaching fundamental attitudes, skills, and knowledge. -JBy ahttaflng KBPMS as a 
medical education resource we are attempting to imparl iwi only knowledge of physiologic 
mechanisms, but also the attitude that these mechanisms im^fa&toefflfc Important 
aspect of medicine. This attitude is certainly concordant with the reductionist traditions of 
modem biomedical science^ but, as recdgnh^ b? the ti&dop&Sof the New Pathway 
[8J and by the authors of Ae GPEP RepoH|ft 6Mhg*u€*i 'mechahisms is but one aspect 
of general -medical edition. Pc4r example? 1 ei^fU 8 p&vention. intervention, and 
rehabilitation for respiratory disease depend* not k ohfy' rjfi ^rae sort of mechanistic 
tmdefstandmgof rjulmwW nwglrt foster, but 

also on insight into the epidemiologic sociologic, and behavioura^aspeds of such things as 
cigarette smoking, occupational exposure to particulate toxins, and airborne environmental 
pollutants. Of course the* teaching of tetykri^')^^ the aid of 

KBPMS, in ho way pfccTudeif conskferatlol tfeplffettfolb^^ 
aspects c>f medicine; afcdfcese subjects have eich ftt gWen a pice in me New Pathway as 
well as in many traditional medical curricula Tifene%i-less,' ft se^ prudent to recognize 
that this project has emphasized and reinforced but a single narrow aspect of medical 
education and has entirely ignored many other, equally important, aspects of this diverse 
process. 



24 
In fact, the current primacy of the mechanistic, reductionist, and rationalist viewpoint in medicine has been 
challenged from several different quarters {46. 47. 48. 49. 50, 51. 52J. but a detailed consideration of this debate is 
beyond the scope of the present discussion. 



56 CHAPTER 6 



Another non-technical implication of this wofk concerns the appropriateness of 
computational metaphore for physiologic (living) entities The Peelers, processes, states, 
and steps described in Section 4.1 are a simple example of suc£a m|tapho^ r and one whose 
limitations are readily apparent The schematic of HU^AN^Ijpwn in figure 2-1 (page 
11) represents a more e&borate example of such a af^f^'^^'t^j^a t mjght 
metaphors of this sort be extended? duyton's Textbook of Medical Physiology {42J, one of 
the references upon wnkh the respiratory model used i in jtt^'j^ct was based, suggests 
that computational metaphors of human life arc appl wjjhouUimU, In this current 
international standard medicat text, Guyton introduces his readers to their topic as follows: 

"Human Physiology. In human physiology we attempt to explain tire chemical reactions Out 
occur in the cells, the transmission of nerve impulses from one part of the body to another 
contraction of the muscles, reproduction, and even the minute details of transformation of light 
enemy into cheniicarSiiergy to ttctte the eyes, thus A us to seetfe iorld. the very fact mat 

we are aiiv^ is almost beyond our ©jotrol. for hue&mtin.maxktMimtikumakumKtk 
refuge. Sensations of cold make us provide warmth, aad other thi»»c^t^ m i,ftjfr^ faMW t 
reproduce. Trn»«he human fcangisactuaBy an auton^^^ 
and knowledgeable bangs a part of uw automatic «eveac9ofiye.„"(jjt 2) 

Thus the human being is actually an au*g>mat<|ir?! Not only is this statement 
preposterous, but the very need to rer^ it atf>f^w^ 

"madness of our times." 153] (pJ2?) Because of *. applied of artiikia] intelligence 
^techniques to human pjiysiotogic.simulation, the wpjkoC tMs pj^rmmight be coastmed to 
somehow support, suctt absurd notions. It » therefore Jm*-*,*^ recognize and 
clearly state that it doesnot 

The above are significant implications which extend well beyond the technical, aspects 
of this project and it would be reckless to lose sightoj: th<^ bn»der issues as we become 
engrossed with the details of oqr^jask^ As responabte pio^gflona^^r^ehoove* us to 
consider not only how, but also why and at what cost we mjgh*. proceed with our work. 
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7. Summary and Conclusions 

The project describee! in this thesis ha« ; consisted of the design, implementation, and 
preliminary evaluation of ? an intelligent physiotogic modeling system for use as a medical 
education resource. This knowledge based physiologic monkfoaj ayatcm (KBPMS) has been 
developed within the context of the New Pathway, an experimental curriculum at Harvard 
Meo"M SchooL ^ witn a 

set of attitudes, skUls, an4 knowledge which wiH peepaj* them fbr lifelong professional 
learning as apferequ^ to competent pwtce. The roteof mformatiorv technology in the 
New Pathway is to,provide resources to faciiitate «»fh Hftjoog ieammg and to initiate and 
encourage students in their use. 

The devetopjnent of KBPMS is based on amecedea* work in application of computers 
to education and toconrauter based physiologic mqdcJie* in the former area it is most 
closely related^ im|^ent computer assi$t^ uisut*^ 

In the latter field it draws on aspects of numerksl ajodefeg. causal reasoning, and 
qualitative simulation. 

KBPMS is designed to carry out compilation sjawtatioiv explanation, and verification 
of models describing various aspects of l^ysjotogy, T^ese models describe physiologic 
entities am) events in a simplistic awceptuM convex* ,n^ 

of descriptive detail The models are represented in a unifo^^wrae based language and 
variations of simple graph traversal algorithms are used to carry out the functions of 
KBPMS. 

KBPMS was originally implemented as a prototype in LISP on a large mainframe and 
subsequently in MUMPS on the New Pathway's HP-150 microcomputers. The final version 
augments the prototype's capabilities with a friendly user interface incorporating interactive 
graphics. Both versions have a small model of carbon dioxide homeostasis by the 
respiratory system. 

An evaluation experiment was undertaken to assess the pedagogic utility of KBPMS. 
A quiz in respiratory physiology was given to ail New Pathway students after a randomly 
selected half of them had completed a homework exercise using the program, while the 
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other half of the group used standard tfuq&onalmsfmxz BaoFStudeftt^rapttance with 
thus voluntary experiment and numerous methodologic difficulties preclude substantive 
condiisfe^Wantted^ 

facuhy comments, suggest that KBPMS might h*e potential as a learning resource, that 
potential remains tmevritated. 

The major strength* of KBPMS iitelu#tlii^Hc#rep%sentatlon of processeT levels 
^^riptiv*jdetail,e^ 

powers, and a simple orerail struetureJ^fltf pWpaf weakifesxjf KSttvfS hi gross and 
occasionally misleading sMtfllcili©n4>f ^!^ ^^ mat ^ 

work remains to be done in enhancing both KBPMSNa^ 1 ^ mplratoit model in 
constructing models of other areas of physiology, in pursuing a more sophisticated 
evaluation effort, and in d^topfi^ new ttecHn^ues 6pbn i Wl.i& [^systems of this type 
might be built Ttorworitiata**fc SgrtflcW*^ to the 

natoreand purpose <* m«^«li*«Bmbw^^ 
metaphors applied to living entities. r * ! ' A 

In conclusion, the results of this project indicate that an intelligent physiologic 
modenngsvstemeaftfeoo^^ ^ 

system may be of potettttel pedagogle^tiem iniedlcafedlKat^ senlnft ^outlt needs to be 
evaluated in bo* a cSftsftil and patient manner. Muc* "wx>rk remain! io be done in 
enhancing many aspects *f #»e system^nd% ^itingl hfio the evolving context of 
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Appendix I 
The Respiratory Model 

The following is the frame based representation of a model of carbon dioxide 
homeostasis by the respiratory system This model was prepared using the textbooks of 
Guyton [42] and West [43J. A formatted copy of the final MUMPS version is shown. 

ALVEOLAR-HYPERVENTILATION 



DESCRIPTIVE -LEVEL-OF-ABSTRACTION: physt«10«1c 
NAMES: alveolar hypervwitlWtloft 
PERTUR8ATI0N: Increased 

ALVEOLAR-VENTILATION 
TYPE: stata 



ALVEOLAR-HYPOVENTILATION 



DESCRIPTIVE-LEVEL-0F-A8STRACTI0N: physiologic 
NAMES: alveolar hypoventilation 
PERTURBATION: decreased 

ALVEOLAR-VENTILATION 
TYPE: stata 



ALVE0LAR-PC02 



ASSOCIATED-STATES: NIL 
NIL 
NIL 
CLINICAL-MEASURABILITY: possible but unusual 
DEFAULT-NUMERIC-VALUE: 40 
DEFAULT-QUALITATIVE-VALUE: normal 

DESCRIPTION: partial pressure of cabon dioxide 1n alveolar ais 
GLAB: pAC02 *^ 

ICON: .96878 

.333333333333 

1 

4 

45 

INFLUENCING-PROCESSES: PULMONARY-GAS-TRAMSPORT 

LOWER-AIRWAY-GAS-MIXING 
NAMES: alveolar pC02 

pAC02 

NORMAL-RANGE: 38 

42 

PHYSIOLOGIC-RANGE: 16 

100 

PROCESSES-INFLUENCED: ALVEOLOCAPILLARY-DIFFUSION 
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REFERENCES: Guy ton pp. 496-490 

West pp. 16-17 
TYPE: parameter 
UNITS: mm Hg 



ALVEOLAR -VENTILATION 



ASSOCIATED-STATES: ALVEOLAR-HVPERVENTILATION 
NIL 

ALVEOLAR-HYPOVENTILATION 
CLINICAL-MEASURABILITY: possible but unusual 
DEFAULT-NUMERIC-VALUE: 4200 
DEFAULT-QUALITATIVE-VALUE: norma* 

DESCRIPTION: ratt at which new air enters the slveolll 
GLAB: VA 
ICON: .7 

1 
4 

45 
INFLUENCING-PROCESSES: BULK-GAS-FLOW 
NAMES: alveolar ventilation 

VA 
NORMAL-RANGE: 3000 
7000 
PHYSIOLOGIC-RANGE: 1000 

10000 
PROCESSES-INFLUENCED: LOWER-AIRWAY-GAS-MIXING 
REFERENCES: Guyton pp. 484-486 

West pp. 15-17 
TYPE: parameter 
UNITS: ml per n1n 



ALVEOLOCAPILLARY-C02-DIFFUSION-RATE 



ASSOCIATED-STATES: NIL 

NIL SSi 
NIL 
CLINICAL-MEASURABILITY: possible but unusual 
OEFAULT-NUMERtC^VALUE: NIL 
DEFAULT-QUALITATIVE-VALUE: normal 
DESCRIPTION: rate at which carbon dioxide dlfuses accrete the alveoloca 

pi llary basement membrane 
GLAB: DC02 
ICON: 1 

.6 ,, 4 .-. -< 

1 
4 

46 ' 

INFLUENCING-PROCESSES: NIL 
NAMES: alveolocapl llary C02 diffusion rate 

DC02 
NORMAL-RANGE: NIL 
PHYSIOLOGIC-RANGE: NIL 
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DEFAULT-STATUS: active 

DESCRIPTION: floe of gas volumes through the tracl»eabxoci»1al trtt 

DESCRIPTIVE-LEVEL-OF-ABSTRACTION: physical ^ - 

6LA8: gas floe 

ICON: .63126 

. 166666666667 
1 
3 

90 
INFLUENCING-PARAMETERS: RESPIRATORY-RATE 

TIDAL -VOLUME 
DEAD-SPACE 
IS-A-MECHANISM-OF: PULM0NARY-6AS-TRANSP0IIT 
MECHANISMS: NIL 
NAMtSe »u*» gasfW* < '* -■»•. 

gas flow 
PARAMETERS- INFLUENCED: ALVEOLA**Vf if RATION 
QUALITATIVE-RULES: RESPIRATORY-RATE->M+:ALVIQLA«-VENTILATION 
TIDAL -VOLUME ->M+ : ALVEOUW-VfMTILAT ION 
DEAD-SPACE - >M- : ALVE0LA3-VENT ILAT ION 
QUANTITATIVE-RULES: 'ALVEOLA«-VENTILATION'.«RESPIRATOtY-RATE-( "HDAL-V 

OtUM€•-•OEAO-SPAC|•) 
REFERENCES: Guy ton pp. 464-466 

Wast pp. 16-19 
TAXONOMIC-LEVEL: » 
TELEOLOGY: NIL 
TYPE: process 
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CAPILLARY-PC02 



ASSOCIATED-STATES: NIL 
NIL 
NIL 
CLINICAL-MEASURABILITY: posslbla but unusual 
DEFAULT-NUMERIC-VALUE: NIL 

DEFAULT-QUALITATIVE -VALUE: normal ^ v . 

DESCRIPTION: partial prassuro of carbon dioxide 1n the systaaHc capllla 

ry blood 
GLAB: cap pC02 
ICON: .2126 
.6 
1 
4 

46 *:- 

INFLUENCIN6-PR0CESSES: TISSUE-CAPILLARY-C02-0IFfUSI0N 
NAMES: capillary pC02 , ; ^ M #f^*WR 

systemic capillary pC02 
cap pC02 

NORMAL-RANGE: NIL - l * » 

PHYSIOLOGIC-RANGE: NIL 
PROCESSES-INFLUENCED: CIRCULATORY-FLO* 
REFERENCES: Guy ton pp. 606-607 

West pp. 72-74 
TYPE: parameter 
UNITS: dm Hg 
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CIRCULATORY-FLOW 



ASSOCIATED- STATES: NIL 
DEFAULT-STATUS: active 
DESCRIPTION: bulk flow of blood through the circulatory, system 

DESC»irTI\«-tfVti,-Of^A^ttlcfr0li: phyticit 
GLAB: clrc flow 
ICON: .3876 

.5 

1 

3 

90 
INFLUENCING-PARAMETERS: CAPILLARY-PC02 
IS-A-MECHANISM-OF: CIRCULATORY-C02-TRANSPORI: 
MECHANISMS: NIL 
NAMES: circulatory flow 

drc flow 
PARAMETERS- INFLUENCED: PC02 
QUALITATIVE-RULES: CAPILLARY-PC02->M+:PC02 
QUANTITATIVE-RULES: NIL 
REFERENCES: Guy ton op. 604-618 

west op. 67-83 
TAXQNOMIC-LEVEE:- ! '1 • 
TELEOLOGY: transport Metabolic substrates and byproducts throughout the 

body 
TYPE: process 



C02-ELIMINATION 
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ASSOCIATEO-STATES: NIL ,,. , - 

DEFAULT-STATUS: active 

DESCRIPTION: removal of the carbon dioxide, a universal metabolic bypro 

duct, froa the body 
DESCRIPTIVE-LEVEL-0F-A8STRACTI0N: physiologic 
GLAB: C02 ell* ' 

ICON: *T» 

.833333333333 

1 

3 

90 
INFLUENCIN6-PARAMETERS: META80LIC-C02-PR0DUCTI0M-RATI 
IS-A-MECHANISM-OF: HOMEOSTASIS 
MECHANISMS: CIRCULATORY -C02- TRANSPORT 

RESP I RATORY- CONTROL -OF -PC02 
NAMES: C02 ellatlnatloa ..,,-.">.".: 

C02 el1a 
PARAMETERS- INFLUENCED: C02-EXCRETION-RATI 

QUALITATIVE-RULES: METAB0LIC-C02-PR0l)UCTI0NtRATE?Mit4G02-EX«6|Ifll-RATt 
QUANTITATIVE-RULES: NIL , 

REFERENCES: NIL , , 

TAXONOMIC- LEVEL: j, '"*"'. ""' :, 

TELEOLOGY: NIL 
TYPE: process 
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C02-EXCRETI0N-RATE 



ASSOCIATED-STATES: NIL 
NIL 
NIL 
CLINICAL-MEASURA8ILITY: possible but unusual 
DEFAULT-NUMERIC-VALUE: NIL 
DEFAULT-QUALITATIVE-VALUE: normal 
DESCRIPTION: volimw of C02 exhaled par unit tlae 
GLA8: VC02 
ICON: 1 

.666666666667 
1 
4 

46 
INFLUENCIN6-PR0CESSES: C02 -ELIMINATION 

RESPIRATORV-CONTROL-OF-PCQ2 
PULMONARY-GAS-EXCHAIMJE 

ALVEOLOCAPILLARY-DIFrUSION 
NAMES: C02 axcretlon rata 

VC02 
N0RMAL-RAN6E: NIL 
PHYSIOLOGIC-RANGE: NIL 
PROCESSES-INFLUENCED: NIL 
REFERENCES: Wast p. 16 
TYPE: parameter 
UNITS: 1 par mln 



COPD 



DESCRIPTIVE-LEVEL-OF-ABSTRACTION: pathopHMioIoirie 
NAMES : COPD ^^ 

chronic obstructive pulmonary disease 
PERTURBATION: Impaired 

BULK-GAS- FLOW 
TYPE: stata 



DEAD-SPACE 



ASSOCIATED-STATES: NIL 
NIL 
NIL 
CLINICAL-MEASURABILITY: pofaible but wwsual 
DEFAULT-NUMERIC-VALUE: 160 
DEFAULT-QUALITATIVE-VALUE: noma;} 
DESCRIPTION: volume of tidal gas which does not reach 9 as-iM changing ar 

eas of the lung 
GLAB: VD 
ICON: .3876 

1 
4 
46 
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INFLUENCING-PROCESSES: NIL 
NAMES: dead space 

physiologic dead spaca 
VO 
NORMAL-RANGE: 100 
200 
PHYSIOLOGIC-RANGE: 60 

1000 
PROCESSES-INFLUENCED: BULK-GAS-FLOW 
REFERENCES: Guy ton pp. 4M-4M 

Wast pp. 16-19 
TYPE: parameter 
UNITS: ml 



FIC02 



ASSOCIATED-STATES: NIL 
NIL 
NIL 
CLINICAL -MEASURABILITY: possible but unusual 
DEFAULT-NUMERIC-VALUE: .04 
DEFAULT-QUALITATIVE -VALUE: normal 

DESCRIPTION: fraction of Inspired gas volume which Is C02 
GLAB: FIC02 
ICON: .96876 



1 

4 

46 
INFLUENCING-PROCESSES: NIL 
NAMES: FIC02 

fractlonlonal Inspired COS 
NORMAL -RANGE: .04 
.04 
PHYSIOLOGIC-RANGE: NIL 

PROCESSES-INFLUENCEO: LOWER-AIRWAY-GAS-MIXING 
REFERENCES: Guy ton 493-494 
TYPE: parameter 
UNITS: X 



HOMEOSTASIS 



DEFAULT -STATUS: active 

DESCRIPTION: regulation of the internal environment by a living organlj 

m 
DESCRIPTIVE-LEVEL-OF-ABSTRACTION: physiologic 
GLAB: homeoataaia 
ICON: .475 

1 

1 

3 

90 
INFLUENCING-PARAMETERS: NIL 
IS-A-MECHANISM-OF: survival 
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MECHANISMS: C02-ELIMINATI0N 
NAMES: homeostasis 
PARAMETERS- INFLUENCED: NIL 
QUALITATIVE-RULES: MIL 
QUANTITATIVE-RULES: NfL 
REFERENCES: NIL 
TAXONOMIC-LEVEL: 

TELEOLOGY: maintain those condition* which aro compatible with life 
iirt: sumumgonus 



HYPERCAPNEA 



DESCRIPTIVE-LEVEL-OF-ABSTRACTION: physiologic 
NAMES: hypercapnea 

hypercarble 

hypoventilation 
PERTURBATION: Increased 

PC02 
TYPE: stata 



HYPERMETABOLISM 



DESCRIPTlVE-LEVEL-OF-AlStRACTION: pathophysiologic 
NAMES: hypermetabol Ism 
PERTURBATION: Increased 

METAiOL IC-C02 - PRODUCTION-RATE 
TYPE: stata 



HYPERPNEA 



DESCRIPTIVE-LEVEL-OF-ABSTRACTION: physiologic 
NAMES: hyporpnaa 
PERTURBATION: Increased 

RESPI*ATQRY-«ATE 
TYPE: stata ' w 



HYPOCAPNEA 



DESCRIPTIVE-LEVEL-OF-ABSTRACTION: physiologic 
NAMES: hypocapnaa 

hypocarbla 

hyperventilation 
PERTURBATION: decreased 

PC02 
TYPE: stata 
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HYPOMETABOLISN 



DESCRIPTIVE-LEVEL-OF-ABSTRACTIOM: pathophysloloalt 
NAMES: hypomotabol 1» * 

PERTURBATION: docroasotf 

METABOLIC-C02-PRODUCTION-RATE 
TYPE: stat* 



HYPOPNEA 



DESCRIPTIVE-LEVEL-OF-ABSTRACTION: physiologic 
NAMES: hypopnta - 

PERTURBATION: decreased 

RESPIRATORV-RATE 
TYPE: state 



LOWER-AIRWAY-GAS-MIXINC 



ASSOCIATED-STATES: NIL 
DEFAULT-STATUS: active 
DESCRIPTION: mixing of Intrapulmonary gas 1b the lower tracJiaobroRcAUl 

tree -.;,;.■ !'«■' ;;* /.:■!..-, ■■■*:■ 

DESCRIPTIVE-LEVEL-OF-ABSTRACTION: physical «... . 
GLAB: gas nixing f a^ar 

ICON: .8626 

.166666666007 

1 

3 

90 
INFLUEMCING-PARAMETERS: ALVEOLAR-VENTILATION 

FIC02 
IS-A-MECHANISM-OF : PULM0NARV-6AS-TRANSP0HT 
MECHANISMS: NIL 
NAMES: lower airway gat nixing 

gas mixing 
PARAMETERS- INFLUENCED: ALVEOLAR-PC02 - 

QUALITATIVE-RULES : ALVEOLAR-VENTILATION- >M-rAtW<tf*1»^tf2 

FIC02->M+:ALV£OLAR-PC02 
QUANTITATIVE-RULES: NIL 
REFERENCES: Guy ton pp. 496-406 
TAXONOMIC-LEVEL: 6 
TELEOLOGY: NIL 
TYPE: proctss 



METABOLIC-C02-PROOUCTION-RATE 



ASSOCIATED-STATES: NIL 
NIL 
NIL 
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CLINICAL -MEASURABILITY: possible but unusual 

DEFAULT-NUMERIC-VALUE: MIL 

DEFAULT-QUALITATIVE-VALUE: normal 

DESCRIPTION: rate at which carbon dioxide 1$ protfaeed by tlssut aetabol 

6LAB: C©2 prod 
ICON: 

.666666686667 

1 

4 

46 
INFLUENCIN6-PR0CESSES: NIL 
NAMES: metabolic C02 production rata 

C02 prod 
NORMAL-RANGE: NIL 
PHYSIOLOGIC-RANGE: NIL 
PROCESSES-INFLUENCED: C02-ELIMH*«ianV 

CIRCULATORV-COf*¥IIWISl»e«T 
TISSUE-CAPIL%A«Y'<»2HJ*tm**Bll 
REFERENCES: Guyton pp. 610-811 <■■■> 

TYPE: parameter 
UNITS: mg par hr par sq cm body surface arm 



PC02 



ASSOCIATED-STATES: HYPERCAPNEA 

NIL 

HYPOCAPNEA 
CLINICAL-MEASURABILITY: routlna 
DEFAULT-NUMERIC-VALUE: 40 
DEFAULT-QUALITATIVE-VALUE: normal 

DESCRIPTION: partial pressure of carbon dioxide In arterial blood 
GLA8: paC02 
ICON: .475 

.668688008687 
.... 1-. .. • 

4 ,.r t ., .:■• : 

48 n. ^ 

INFLUENCING-PROCESSES: CIRCU^ATOtY-CO2-TRAIISPORT.RESPIRAT0W-COtTIWL-OF 

-PC02 
CIRCULATORY-FLOW. PULNOMAflY-GAS-EXCHWKt 

ALVE0LOCAPILLARY-OIFFUSI0N 
NAMES: arterial pC02 

pC02 

paC02 
NORMAL-RANGE: 38 
42 
PHYSIOLOGIC-RANGE: 16 

100 -..■•,^ ,..•... > 

PROCESSES- INFLUENCED: RESPIRATORY-CONTROL -Of-PCOt 

CHEMOREFLEXES 
REFERENCES: Wast p. 1 

TYPE: parameter t 

UNITS: urn Ho. 
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PULMONARY-GAS-EXCHANGE 



ASSOCIATED-STATES: Ml. 
DEFAULT-STATUS: active 

DESCRIPTION: exchange of gasses between the body and its environment by 
the lungs 

DESCRIPTIVE-LEVEL-OF-ABSTRACTION: physiologic 
GLAB: gas exch 
ICON: .71876 
.6 
I 
3 

90 
INFLUENCING-PARAMETERS : RESPIRATORY-RATE 

TIDAL -VOLUME 
IS-A-MECHANISM-OF: RESPlRATORY-C0NT*M.-#F-«COt 
MECHANISMS: PULMONARY-GAS-TRANSMRT 

ALV£OLOCAPIUA**-01f FUSION 
NAMES: pulmonary gas exchange 

gas exch 
PARAMETERS- INFLUENCED: C02- EXCRETION-RATE 

PC02 
QUALITATIVE-RULES: »ESPIRATORY-RATE->M-:PC02.M+:C02-EXCRETION-RATE 

TIDAL-VOLUM€->M-:PC02,M*:C02-EXCI«fTION-RATE 
QUANTITATIVE-RULES: NIL 
REFERENCES: NIL 
TAXONOMIC-LEVEL: 3 
TELEOLOGY: NIL 
TYPE: process 



PULMONARY-GAS-TRANSPORT 



ASSOCIATED-STATES: NIL 
DEFAULT-STATUS: active 
DESCRIPTION: transport of tidal gas between the external environment an 

d the alveolll 
0ESCRIPTIVE-LEVEL-0F-ABSTRACTION: physiologic 
GLAB: gas trans 
ICON: .71875 

.333333333133 
1 
3 

90 
INFLUENCING-PARAMETERS : RESPIRATORY-RATE 

TIDAL-VOLUME 
IS-A-MECHANISM-OF: PULMONARY-GAS-EXCHANGE 
MECHANISMS: BULK-GAS-FLOW 

LOWER-AIRWAY-GAS-MIXING 
NAMES: pulmonary gas transport 
pulmonary ventilation 
gas trans 
PARAMETERS-INFLUENCED: ALVEOLAR-PC02 
QUALITATIVE-RULES: RESPIRATORY-RATE->M-: ALVEOLAR-PC02 

TIDAL-VOLUME->M- : ALVEOLAR-PC02 
QUANTITATIVE-RULES: NIL 
REFERENCES: Guyton pp. 476-490 
West pp. 11-20 
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TAXONOMIC-LEVEL: 
TELEOLOGY: NIL 
TYPE: process 



RESPIRATORY-CONTROL -OF-PC02 



ASSOCIATED-STATES: NIL 
DEFAULT-STATUS: active 

«!^!!I I0,I: p *» u1 " i <>» o' arterial pC02 by th. respiratory systta 
DESCRIPTIVE-LEVEL-OF-ASSTRACTION: phytlolofllc 
GLA8: pC02 rogl 
ICON: .71876 

.666666666667 

1 .-■■■:.. ■■■..■■;■, - ■ 

3 

90 ■■.<•-. 

INFLUENCING-PARAMETEM: P€«8 
IS-A-MECHAMISM-OF: C02- ELIMINATION 
MECHAJUSMS: CHEMOREFLEXES 

PULM0MARY-GAS-EXCMAII6E 
NAMES: respiratory control of pC02 
respiratory pC02 regulation 
pC02 refl 
PARAMETERS-INFLUENCED: C02-EXCRETI«Mi§Mr 

PC02 
QUALITATIVE-RULES: PC02->M+:C02-EXCRETION-RATE.M-:PCQ2 
QUANTITATIVE -RULES: NIL 
REFERENCES: Guyton pp. 516-527 - 

West pp. 113-127 
TAXONOMIC- LEVEL: 2 

TELEOLOGY: maintain paC02 at a constant level 
TYPE: process 



RESPIRATORY-RATE 



ASSOCIATED-STATES: HYPERPNEA 
NIL 

NYPOPNEA * 

CLINICAL-MEASURA8ILITY: routine 
DEFAULT-NUMERIC -VALUE: 12 
DEFAULT-QUALITATIVE-VALUE: no raw 1 
DESCRIPTION: rate of breath 1 no 
GLAB.- , R*-,,,. ■ . , ., .-■ < 
ICON: .3876 

.333333333333 ^ i >■ 

1 
4 

46 
INFLUENCING-PROCESSES: CHEMOREFLEXES 
NAMES: respiratory rate 

RR 
NORMAL-RANGE: 10 
16 
PHYSIOLOGIC-RANGE: 6 
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50 

PROCESSES-INFLUENCED: PULMONARY-GAS-EXCHANGE 

PULMONARY-GAS-TRANSPORT 
BULK-GAS-FLOW 

REFERENCES: NIL 

TYPE: parameter 

UNITS: breaths par mtn 



TIDAL -VOLUME 



ASSOCIATED-STATES: NIL 
NIL 
NIL 
CLINICAL-MEASURABILITY: possible but unusual 
DEFAULT-NUMERIC-VALUE: 600 
DEFAULT-QUALITATIVE -VALUE: normal 

DESCRIPTION: volume of gat explrexd In a sltft* breatti 
GLAB: VT .-■- • -;ji5*' . 3 

ICON: .3876 

.166668666667 » ., 

1 

4 ....■;,- . ■ . 

48 
INFLUENCIN6-PR0CESSES: CHEM0REF4£*f$ > 
NAMES: tidal volume 

VT ... . . - 5 ■■ . 

NORMAL-RANGE: 400 
600 
PHYSIOLOGIC-RANGE: 50 

3600 
PROCESSES-INFLUENCED: PULMONAUY-GAS-EWHANfE 

PULMONAftY-GAS-TRAMSPOftT 
BULK-GAS-FLOW 
REFERENCES: Guy ton pp. 460-482 

West pp. 12-14 
TYPE: parameter 
UNITS: ml 



TISSUE-CAPILLARY-C02-DIFFUSION 



ASSOCIATED-STATES: NIL 
DEFAULT-STATUS: active 
DESCRIPTION: passive diffusion of carbon dioxide from metaboMz1n§ tlss 

ues to capillary blood 
DESCRIPTIVE-LEVEL-OF-ABSTRACTION: chemical 
GLAB: t-c C02 dlff 
ICON: .06876 

.5 J-- -.I--- 

1 i .j c- -■■' •-'. . ' .-. >, ,■ ! 

3 , , ■■■■"- 

90 
INFLUENCING-PARAMETERS: META80LIC-CO2-PR0OUCTION-RATE 
IS-A-MECHANISM-OF : CIRCULATORY -C02 -TRANSPORT 
MECHANISMS: NIL 
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NAMES: tissue-capillary C02 diffusion 

t-c C02 diff 
PARAMETERS- INFLUENCED: CAP II LARY-PC02 

QUALITATIVE-RULES: METAB0LIC-C02-PR0DUCTI0N-RATE->M+: CAPILLARY-PC02 
QUANTITATIVE-RULES: NIL 
REFERENCES: Guyton pp. 497-500 

West pp. 21-30 
TAXONOMIC-LEVEL: 3 
TELEOLOGY: NIL 
TYPE: process 
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exact numeric value 1s not known (eg. body temperature 1s Increased). 
Similarly, KBPMS will display numeric values whenever possible, and 
qualitative values othe**w1»e. 



II. General Program Features 

KBPMS 1s designed to run 1n several different hardware environments 
and some of the following Information may vary depending on the particular 
Implementation. However, most of the general principles should apply. 

The video display 1s divided; Into four reg1o«t 1* K*W». These are: 
a title line, a framed graphic* windows onounf Hmed toxt^ window, and 
a command line (softktyp on the HP-iSO). The usor mk > tk* program Interact 
by manipulating the ceatente of the display windows using* f hi alphanumeric 
keyboard, the, function keys, and pointing mecnaMsms (e'mofiii, a r 
touch-sensitive display, the alphanumeric cursor, or some combination 
of these). .■ . :» 

The grapblcs window may be manipulated by toe commands' 1n the Graphics 
Options menu. The t«*t window may *e manipulated f*e>d?lid) by the commands 
displayed along wttb tbo.te*^ Fomconveolonee . t»*Wa? directional arrowa 
(up. down, left, f>1gnn*nd the <Hert>^PrwV^ <nd «Top>* (tt o'clock arrow) 
keys may Man be used to augment th« fmctim Moy¥ a*d |of#tiirg mechanisms. 
Thus thoy may be of aanletancft 1« scrolling to* tetft Window, moving a hdt- 

spot, -.*.■■ • 

directing the alphanumeric cursor to point to a symbol, or to request trie 
next step 1n a simulation. However, they are not required for KBPMS to 
operate properjy and may not b* prose** 1n some 1mpT*w«tsttons. 

When prompted to solect a p*y«iolog*c entity, too uto^may type 
rts name or a common abbreviation, roowost a 11st to chotfiO from (by pressing 
the space bar), or point to a symbol displayed 1n th. fropnics window, 
rne <f8> function key may be used? to exit from most segment* of the 
program at any time, whether or, not the command line Is currently displayed. 

KBPMS can be quite slow 1n performing some of 3 its functions. Please be 
patient and wait for a response rather than concluding that the program has 
nung and re-boot1ng your computer* 



III. Specific P.rogr am Segments and Commands 



--> Mam Menu <-- 

Simulation: 



Allows the user to carry out an "experiment" by specifying 
a set of perturbations and observing the phystotogic 



response to them 



- Explanation: Allowa tbe user to ask any of the fotTowing questions, 

whore the blanks may be filled* by any entity described by 
the current model: 

. what is __ ? 

. What directly Influences ____?" 
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What 1s dlrectly^iafttueaced by 
Does influence ? 



. What are the mechanisms of ? 

- Show Entitles: Lists all the entitles which are described by the current 

model and thatf common; attBsr*«Bfa*lo»»v Tit* accompanying 
diagram 11 luairato* Mt* parameters and processes . Mote 
that thle, commaod cab bft#art1o»rt«rly elo*. 

- Logging Off: Terminates logging. 

- Logging On: Initiates logging of all textual program output to a file. 

printer, or other device. 

- Graphics Options: Allows the user to magnify, shrink, scroll, and print the 

currently displayed diagram, This is particularly useful 
fpe; complta diagrams wHAeH may be difficult to p 9 ad 1n 

the ordinary gfa»h4ct4i»1nda». :-■■:■ 

" He1 P : Oiaplays this 1nf««mtt1o#. 

---> Simulation <--- 

KBPMS first resets all physiologic parameters to their normal values 
and all Pjiy^olpa^c Pf*******, t* m*m*$Mu*^*$ then prompts tho uaar 
to specify an entity to : . pa^tutb^Jk* •*t1t l y- J m«^l» madactm* aedescHbatf 
above {IT. Gene.ral |*pgra* Tenures). |ff«*» *»J«t«*»nt+ty 1« * process, 
then the user la asked to chops* ©n# of two poasibJ* statasat: active Of 
impaired.. If the faiectejd tftittyja,**; pa# ameter tae» t*e aser 11 asked to .-■'.<■ 
choose a qualitative value (normal, 1ncreased 4 or decreased} or a numerical 
value for the parameter. The user may continue entering additional 
perturbations, or alttrlng previously tarred ones, until he or she; 
decides to ,s|art tfMMlaMlaMoB, ir 

There is a substantial delay while 0a, program prepares toe almolatlon. 
Afterwards, the us.«r_m|y,ra«law the t Emulation remits with the following 
commands: 

- Next Step: Displays the next step of the simulation. 

- Prev Step: Displays the previous step of the simulation. 

" Wh y ?: - , ,E*lM*Jjaa why, the curnoiiMe*mMftat*on atop took place. 

- Close-up Off : ., terminate* t cJoaam«p; 



- Close-up On: tn ; niat#s cloaa-** *■*%*,? lawMcb? wily thoee entities 

d1rectl^.4#volve^4n**%«faa«ltf!a1m8lat1an step ar* 
dlsplayid in the graphics' window. 

- Graphics Optlons^Sfme aa k main meaMr r s 

- Summary: ; 0j(* pjayis a graphical and; text summary sof the enttre 

simulation run and then refcaras i**«taa ma»* m*#eV 
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Main Menu: Return* to the main menu. 



— > Explanation <■ 



to rnf it t!. J? U wV? "I* Ct OB0 of Wr w*«*H»i!»Mt1oiu and entitles 
Il/IIhJ?' ! bUn *<*> ijl **• «•»*•«* ^Mtlon; tht sWtlon of questions 
?hJ IIIIIJ*!- ^P* 1 ** 1 *** ** *^^ ****<»• UeWril Program Features). 
The answer to the question may consist of text and/or diagrams widen are 
displayed after a short delay. " * ■" " ^ - '* 



IV. How to get started 



The definitions listed above (I. Introduction) are very Important. 
Please review them before yen start using kbpws. A good way to acquaint 
yourself with both the model tog system aMaf#if«tfgll^ 'model Is to look 
at the entitles described, by the model (<Loge1ng 0n>. log to printer. 
<Show Ent1t1es>: then be prepared teWft, UUtMiWTu very 
slow). The summary diagram will seem hopelessly complex and llleolble at 
first. Print a copy «Gr.ph1c, Options^ ttr&XSeVtfy I.d lit it as?d. for 
future reference. It will help things fall Into place as you explore 

HI ,T l Par 3 8 ° f th ° , " 0d • 1 • Go btck t0 th » ■» lB ■«•» •"<» turn ljoogliia 
off for now. You can turn 1t back on at any time 1f you decide' that^ * 
you want to keep a record of your session. 

Examine tba 1 1st or «nt1Me*% Request o^Tanttl-ofllr of^ ©^parameter, 
one process, and one ntnte *b«*.yoW*i* *%-»ady ?**« f*r Mfc Try V M<ft 
of tba.poss 1ble - qt)««t<tomrtt»tM w**t ser¥ W *»**eri "frfEs' ca* pHvUe. 
Now take a look at same entitle* wlHoh ero new 5 to yoV. mfr\ reij 
exclusively on the answers provide* bynbo preortK ff|& 9 tne suggested 
references on hand end use theml * a '■-.' vV f t •»»■?■*■■ 

Now try the simulation feature. Specify a single perturbation, eg, 
Hi, "wk 9 ?", ° M P» PMWt8r - Examine •«* step bt tbf simulation and 
ask Why? for each step. Try close-up mode. Carefully examine the summary 
using the Graphics Option., if tee s*Wlit1b« refers ' Wm entitles Ttft 
which you are unfamiliar, go b.ck to expfanetlW^e^in^ufre about 



V. Exhortations 



Remember t<&ot KBPMS is intended ns * meens bt %*e1o*at1on and 
experimentation. Please try to use It beyond the strict confines of your 
assignment. If you are unsure of bow s*me%tf*w* i wor*l? or whether ft 
works properly, play with 1t -- see what happens. Whatever "happens", 
It i*. hoped, tont yon wIM 1*aw sammii* *k%b* *l# ! ini f program Sd 
the Pfftlsu^r •ree:e*ph|re4e1efyeyou ; Hiri^ltea% l 1n|C +3ft,ro 

Students, faculty, and staff — be sure to report your •valuation of 
KBPMS! 1 1 This feedback 1s very Important f?e#>EVERt6nt 4no his 1 oftEasioV 
to use the program and will be the basis for future modification!. 
Please reg«*t*both posi***e and negative asfltcti, Kow'forta you 
used the program, and what specific changes ydu wodfd tike 1 to see 
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Please send these comments to Robert Kunstaetter via electronic mail 
using HP-DeskManager . I can also be reached over ARPANET (RKUQMIT-MC) or 
at the following postal address: 

Robert Kunstaetter 

Massachusetts Institute of Technology 
Laboratory for Computer Science 
545 Technology Square, Rm. 373 
Cambridge, MA 02139 

Have funl 
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A SAMPfcE INTERACTION 
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Appendix III 
A Sample tatenrctten 

The following is a sample interaction with KBPMSustofg the respntfory model shown 
in Appendix I. All text and diagrams shown were gawraUd by, the program. 

The following entitles art known to this model: 
Parameters: 

alveolar pC02 

--> (a.k.a.: pAC02) 
alveolar ventilation 

--> (a.k.a.: VA) 

alveolocaplllary C02 diffusion rate 

-> (a.k.a.: DC02) 
capillary pC02 

— > (a.k.a.: systemic capillary pC02) 

--> (a.k.a.: cap pC02) 
C02 excretion rate 

— > (a.k.a.: VC02) 
dead space 

--> (a.k.a.: physiologic dead space) 

— > (a.k.a.: VO) 
FIC02 

--> (a.k.a.: fractlonlonal Inspired C02) 
metabolic C02 production rate 

— > (a.k.a. : C02 prod) 
arterial pC02 

— > (a.k.a.: pC02) 

--> (a.k.a.: paC02) 
respiratory rate 

--> (a.k.a.: ft*) 
tidal volume 
■--> (a.k.a.: vt) H 

Processes: 



alveolocaplllary diffusion 

— > (a.k.a.: a-c dlff) 
bulk gas flow 

— > (a.k.a.: gas flow) 
the medullary chemoreflex 

--> (a.k.a.: chemoreflex) 

--> (a.k.a. : chemoref) 
circulatory C02 transport 

— > (a.k.a.: C02 trans) 
circulatory flow 

--> (a.k.a.: clrc flow) 
C02 elimination 

--> (a.k.a.: C02 ellm) 
lower airway gas mixing 

--> (a.k.a. : gas mixing) 
pulmonary gas exchange 
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— > (a.k.a.: gas exch) 
pulmonary gas transport 

--> (a.k.a.: pulro*B*>fy ventilation) 

--> (a.k.a.: gas trinaf* 
respiratory control of pCOZ 

-.->- («uk. ». : r M pir atory jjCQ2 regulation* 

--> (a.k.a.: pCOZ rtgl) 
tlssue-capHUry C«2 diffusion 

-> (a.k.a.: t-c C02 dlff) 

States: 



alveolar hyperventilation 
alveolar hypoventilation 
AROS 

--> (a.k.a.: adult respiratory distress syndrome) 
--> (a.k.a. : shock lung) 
COPD 

--> (a.k.a.: chronic obstructive pulmonary disease) 
hypercapnea 

— > (a.k.a.: hypercarbla) ' ^ ■ 

--> (a.k.a.: hypoventilation) ^ 

hypermetabolism 
hyperpnea 
hypocapnea 

— > (a.k.a.: hypocarbla) 

--> (a.k.a.: hyperventilation) 
hypometabolism 
hypopnea 



Q: What 1s arterial pC02? 

A: Arterial pC02 (pC02, paC02) 1s a physiologic parameter . the partial 
pressure of carbon dioxide 1n arterial blood measured In 1 mm Hg,,,IM normal 
range 1s 38 to 42. Its physiologic range 1s 15 to 100. It 1s rpulijie to 
measure 1n most clinical settings. Increased arterial pCM 1s called 
hypercapnea. Decreased arterial pC02 1s called hypocapnea. For more 
Information see West p. 1. 



A SAMH.B INTERACTION 
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Q: What d1r*ctly Influences arterial pCG2 fptO*. paCdft) ? 

««t Ul?^l!! S r i,n , flWy b * ! rtw » r ^ " t ^ r *' ^^«CtXt Wl^of.4«tail. At the 
most abstract l»v.J, irwrlii pC02 Is direct f> Ifcffu-ejrce* W mesabol.lc C02 
production™*, tlw-o^te clr^tatorytW^raWfell^a^^ pSJ *ZrwL 
resolr«o^r con ti*l of bCOt , ft* v fetf l^trrrW rtJal^pSrSil^ i, 

«t! C iIX ♦ ?! ^ BC ? d by capi11ar y " C02 throu 9" clrcufatory fYo« and reap Iratory 
rate and tidal volume through pulmonary gas exchange. At an even more detailed 
level, arterial pC02 1a directly Influenced by alveolar pC02 and 
alveolocaplllary C02 diffusion rate through alveolocaplllary diffusion. 



> 



Cffi prod COS trans 




■&4&j$&&fi2 : »i;^tf>i*^&';&iv ; i- f & 
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0: What 1a dlractly 1nflu«njC|»(t >y ar»Ur1al jCQg (*C02, paC02) ? 

A: This quest Ion may be answered at t«o ,*l&Mtiit 1m*U *f 4tatat1. At th« 
SJlrS!^3S t^iii.'S^J* 1 ,PCOi tf 4tf.ct^ t«fT^W*» G»««:«1rtoo r.t» and 



pC02 re$l 




> 



,- - •,*-,.-„ ... 


Vtte 


5 
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Q: What are the mechanisms of arterial pC02? 

A: Although this may be a reasonable question 1n a more general iftttlM, It 
, ™,° 0t ™*! 1y mak8 s,nse 1n the 11lBi ted context of thU model. Arterial pC02 
(pcoz, paC02) 1s a physiologic parameter (an entity with a potentially 
masurable value) and does not have any mechanisms as such. In this modeling 
system only processes (defined as descriptions of the Interaction batwetn 
parameters) are said to have mechanisms. For example, one might ask about the 
mechanisms of tissue-capillary C02 diffusion, which 1s a process. However 
asking about the mechanisms of something like tidal volume (another parameter) 
or hyperpnea (a state) would not be meaningful. 



Q: What are the mechanisms of pulmonary gas exchange? 

A: The mechanisms of pulmonary gas exchange (gas exch) are pulmonary oaa 
transport and alveolocaplllary diffusion. 




gas ,exch 




a-c diff 




gas trans 
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Q: Does arterial pC02 Influence respiratory ra|#? ,,,. t , 

A: Yes. arterial pC02 Influences respiratory rate ihrouon the medullary 
cnemoref lex. 




A SAMPLE INTERACTION 
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Q: Does arterial pC02 Influence metabolic C02 production rate? 

A: Mo, arterial pCO* does not 4nhuMce ^fca^ltesCWH|*ro*ii*cvU>n rate. 

Q: Does arterial pC02 Influence alveolar ventilation? 

A: Not directly, however arterial pC02 Influences respiratory rate through 
the medullary chemoref 1 ex and respiratory rate influences alveolar ventilation 
through bulk gas flow. 



RR 
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Q: Doss tidal volume Influence respiratory ra^e? 

A: Mot directly, however tidal volume Influences ar*ar1al pCQZ through 
pulmonary gas exchange ai*d er*«Mal |>C02 1nf ftflncis V«p1ratory rate throuoh 
the medullary chemoreflex. 




A SAMPLE1NTERACTION 
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Q: Does dead space Influence respiratory rate? 

A: Not directly, however dead space Influence* alveolar ventnattbir through 
bulk gas flop, a.^^lftr vtfttilattoB tnt lueaces al<vwo**r*<$>C02 through l«wer 
airway gas mi0$®, aiueolar pC02 lnf lue»c«« **•%•?*#** p«W through 
al vapiocapil l,»ry s dif fuels* and arterial pCO* taTWliiifctir ^•Ipiratory rate 
through ,£he flietfuJlary cneworaYlex. 




-c diffy 



RR 



vo 





^pflcoe 



3 , 



gas »ixing 
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Q: What 1s bulk gas flow? 

A: Bulk gas flow (gas flow) is a physical prodese, the ffow c^ gas volume* 
through the tracheobronchial tree- It is a mechanism o^ PdfmoW^ git 
transport. It mediates the Influence of respirator* i««te, -fftfatT volume and 
dead space on alveolar vwntilatlon. Increasing respiratory rite 1 ^nfreasei 
alveolar ventilation. Increasing tidal volume Increases '.IflvsjtflWr Ventilation. 
Increasing dead space decreases alveolar ventilation. The following 
mathematical relationships apply: VA»RR»(VT-VO). Impaired bulk gas flow may be 
found 1n association with COPO. For more Information see Guyton pp. 484-486 
and West pp. 15-19. 




A SAMPLE INTERACTION 97 



Q: What is ARDS? 

A: ARDS (adult respiratory distress syndrome, shock lung) is a 
pathophysiologic state characterized by impaired al veolocapi 1 lary diffusion. 



Q: What is hypocapnea? 

A: Hypocapnea (hypocarbia, hyperventilation) is a physiologic state 
characterized by decreased arterial pC02. 
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--- Start of Simulation — 

In step 1, dead space 1s Increased as specified by the user. 



VC02 



ocoe 




^^i^^^:A^m^;^>-. 
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increased daad soaca thrnnnh huiir ».. #i«- ..*•»• » -j »j 



icraasad daad spaca through bulk gas flow. 
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In step 3, alveolar pC02 1s Increased by decreased alveolar ventilation 
through lower airway gas mixing. ' 




A SAMPLE INTERACTION 
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In step 4, C02 •xcr«ti<M> r«tt* 1* fGrmmmt «n* .»rt*M»J frCS2 1$ 1ncf«*l«a fit. 




102 



APPENDIX HI 



In step 5, r»»p1r*tory nit i* 1«cn«stS [It. fcyptrpnttl taut if lit V voluntt 1| 
1ncn««* by Incraat&d trttrttl p£02 through %*» m»dulla**y ehtiorlffl** . 
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In *tep 6. alveolar ventilation 1s Increased* toward normal [la. dtalfllshod 
alveolar hypoventilation] by Increased respiratory rite a'nSf' Increased tidal 
volume through bulk gas flow. 
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In step 7, alveolar pC02 Is decrea&ed toward normal by Increase* alveolar 
ventilation through lower airway gas mixing. 



Tar 



VT 



V0 




in m 
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In step 8, C02 excretion rat*. 1s increased toward normal *od arterial pC02 Is 
decreased toward normal fje. d ijiiiitl shed ayper caone* J ^ decreased alveolar 
pC02 throufllralveolecapmary diffusion. 
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In step 9, respiratory pate Is decreased toward Wormal [1*. diminished 
hyperpnea] and tidal volume 1s decreased tepefo normal by decreased arter 1al 
pC02 through the medullary chemoreflek. 
--- End of Simulation — 
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«. 8 £x P inV 1Ve ° 1ar ^ U Ucr "**m 1 "F^Hd *IC02 through lo«*r .i^y 



gas mixing 
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In step 3, C02 excretion rate 1s decreased an<t artarlal pCOZ 1s Increased [1e. 
nypercaiwea] try Increased aVveotar ptd2 through alveolocapinary d4ffu«1o». 




A SAKffLE INTERACTION 



111 



Ordinarily, respiratory rate mould be Increase* M*. hyperpnea] and fcfdal 
volume weuld be Incraaaed by ipcr.tttas arttrlal at©? through the #>du1l*ry 
chemoreflex. But In step 4, the medullary* cAemertfltx-fj lm|afrtd and c*rtnot 
mediate the Influence ef ieereaaed arteofat pe«2, ?her*fora rispfratary rate 

1s unknown and tidal volume 1s unknown. "-.,?■■■*■■** gr* 

--- End of Simulation «-- 
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— Summary: Sta^t of Simulation — 

Step 1: FIC02 is Increaatd and the medtfUary cMmoroflex 4s Impaired. 

Step 2; Alveolar pC02 is tncfcfaeed. 

Step 3: C02 excretion fate 4* decreased aa* arterial »C02 is increased rit. 

hyper capnea}. 

Step 4: Respiratory rate is unknown and tidal volume 1s unknown. 
--- End of Simulation — - 



VT 

pacoa 

FIC02 
VC02 
pflC02 



— ] - _ - 



M»MiNmm#m*p> 



T 



•"mil £ 



4. _____ _ 




^* _ _P _ _ _ 



_ - -? 



2 3 

STEP 






EVALUATION INTSTRUMENTS 113 



Appendix IV 
Evaluation fatstrumetits 

The following arc the educational ohjectiycs, tamwoik assignment, and quiz which 
were distributed to the New Pathway students, fiteulty, and sbffas p^ofuSe preliminary 
evaluation of KBPMS. 

Educational Objectives 

The goal of the Respiratory Physiology VI. 1 model 1s to 
provide a medium for exploration of selected aspects of carbon dioxide 
homeostasis by the respiratory system. After using this model to carry 
out an appropriate homework asslgment. within the framework of a 
comprehensive human physiology course, students should be able to: 

1) Understand, define, and appropriately use tne following terms: 

alveolar pCO, (pAC0 2 ) 

alveolar ventilation (VA) 

alveolocaplllary CO, diffusion rate (DCO ) 

capillary pC0 2 2 

C0 2 excretion rate (VCO.) 

dead space (VD) 

fractional Inspired C0 2 (FICO.) 

metabolic C0 2 production rate 

arterial pC0 2 (paCO ) 

respiratory rate (RR) 

tidal volume (VT) 

alveolocaplllary diffusion 

bulk gas flow 

circulatory C0 2 transport 

circulatory flow 

the medullary chemoreflex 

lower airway gas mixing 

pulmonary gas exchange 

pulmonary gas transport 

pulmonary ventilation 

respiratory control of pC0 2 

tissue-capillary CO. diffusion 

alveolar hyperventilation 

alveolar hypoventilation 

hyparcapnea 

hypercarbla 

hyperventilation 

hyporpnea 

hypocapnea 

hypocarbla 

hypoventilation 

hypopnea 

2) Understand the input/output relationship of metabolic CO, production 
and respiratory CO, excretion. i " 
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3) Understand the feedback loop which governs respiratory control of 
C0 2 . the role of the variaous physiologic parameters and processes 
which comprise this loop, and the central importance of paCO and 
medullary chemoref lexes. 2 

4) Understand some potential sources of dysfunction in respiratory 
C0 2 homeostasis and the clinical situations with which they may 
be associated. 



EVALUATION INTSTRTJMENTS 



The Homework Assignment 

From: Or. Martin Kusamerlsk 
To: New Pathway Students 
Date: January 10, 1MB 

about carbon d*oxlde BomeoetasUSfer tM *H#*tito «#' ; baft#f 1, 
learning tool. I ask you therefore to pirtldaata 

intuition, and find,*** whether 1n fact t»ts 0*)Ot*sm "»«# useful to 
JtflU. First you w1H work m « homework Oa^cft^.^eyllW* \e1ow 

ukl'hoSI -qul^ " " ,<t,,w *«*- **• M4 •«* «* «*£ «mT. . 

In order to find out to what extant the computer program 1« 
convenient and useful, and to what extent It actSIllJ .1«, 

d»m». !I \ " P • (:t, ° f carbon d1ox1d • •'©•watasla. The 
problems to work on are obviously a subset of the work you are 

the respiratory laboratory. Thus consider each of the following 
quest on.. Realizing the pressure of work. I am not ask \n 9 yoS 
to .rite up anything for this assignment, but please g1v! it 
221* 'J" 1 *"" 1 " "0"«-th.-l..,. i« addU 1o!. p"«a! kJ. p . 
222 I t f fc araount of «■• y<>« ^voted to vaMoSs reseurcel 
512- Si!' 1,b " ,t,r i al - computer program. Journals, etc )i J 
doing this exercise and hand this 1n to me. 

Please consider the following six questions: 

1) How does the respiratory system respond to changing amounts 
of carbon dioxide 1n the eody? 

2) What physiologic pathways mediate this response? 

3) If C0 2 homeostasis 1s viewed as a feedback loop, what are 
the sensors, effectors, mediators, and sotpolnts of this 
feedback system? 

4) Howmlght the pathways of CO. homeostasis be disrupted so 
as to Impair this physiologic response? 

5) What will happen to respiration 1f you rebreathe from 
closed bag? Consider a bag that Initially contains 10 L 
or room air. Consider the changes In Its volume and the 
partial pressures of C0 2 and 02. 
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6) 



Why does ventilation Increase during exercise, and 
what effect will this have on alveolar gas tensions? 



i..?-!^ re 9««'<Hng the evaluation of the computer program as a 
learning tool. Only half of you (Groups A & B) will be given the 
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computer program at this time. I ask this group to u$e 1t 
extensively as an Important learning resource along W1W your 
texts and laboratory materials. I ask both groups to 
thoughtfully go through the above homework exerclto. •»* ©» Tuesday 
or Wednesday everyone will be given a take-home "q«W »*1c* 1r 
intended to evaluate the your overall understanding of CO 
homeosatsls. This "quiz" should be done closed-book and should 
take no more than 1.5 hour, of your time. ...« it will in no »ay 
Inf uence your overall evaluate* In this court.. FeHowlna the 
quiz , the other half of the class will have access to the 
computer program. 

If you have any questions concern ing the um of the computer 
program, please contact ftobon Kunst setter via Hf»-©esk or call 
him at home. * ; Yo«r,f*a.Vutttiet of the pro#*a» *s crucial to 
our continuing effort to provide Ao«rfl*«t eosouBcoo of* *Ms typo. 
Everyone should submit »* ««»esfl*/it of t«« pro§*«»*« st*ei*#t*t% 
weaknesses. and suggestions for specific changes to Br 
Kunstaetter via HP-Desk. 



EVALUATION INTSTRUMENTS 



The Quiz 



117 



Please work alone and without notes, books or use of the 
computer. Complete your work within 1 and a half hours. 1 e 
about 10 minutes per question. Please answer each of the 
following questions 1n one or two paragraphs: 

1) What 1s dead space? 

2) How do tidal volume, respiratory rate, dead space, and alveolar 
ventilation Interact? 

3) What directly Influences alveolar pCO ? 

4) Arterial pC0 2 plays a central role 1n carbon dioxide homeostasis 
by the respiratory system. Explain. 

5) Does dead space Influence respiratory rate? Explain. 

6) What would be the consequence of Impaired medullary 
chemoreflexes 1n an otherwise healthy Individual? 

7) Describe the physiologic events which would take place if 

a healthy person was to breathe air which had a higher than 
normal concentration of CO.. 



8) 



A patient 1n the Intensive Care Unit 1s intubated, paralysed, and 

J!*!!'."?!- i 1Ci8 ! ly yt '! t11ated " 1th 3 « 02 «t a rate of 18 breaths/minute, 
with a tidal volume of 750 mis and a dead space of 200 mis. 
His last arterial blood gas showed: pO2»70, pCO*30, pH-7.51, r.HC03>23. 
You are concerned about his respiratory alkalosis and borderline 
oxygenation. You can control the patient's tidal volume and respiratory 
rate by adjusting the settings on his ventilator and you can control 
his dead space by adjusting the length of tubing connecting him to the 
ventlltor. You consider Increasing his tidal volume to one liter but the 
respiratory therapist on duty reminds you that the patient has severe 
emphysema and that the Increased pressure might rupture a bleb 1n his 
lung and cause a pneumothorax. What else might you do to decrease the 
alkalosis and Increase oxygenation? 
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Appendix V 
Evaluation Raw Data 

The following are the scores of the two groups of New Pathways students on the 
evaluation quiz: 



(all scores are 
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II 
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100 


20 


20 


90 
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I 


76 


50 
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100 
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100 


50 


50 
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II 


100 


90 
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100 


80 


90 


100 


100 
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I 


100 


100 


50 


100 


50 


100 


80 


50 
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II 


20 


100 


100 


50 


100 


100 


100 
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7 


I 


90 


90 


80 


100 


90 


90 


90 


100 


8 


II 


100 


40 


60 


80 


80 


20 


80 


20 



All Type I 79 83 74 100 66 98 80 70 

All Type II 60 83 65 80 99 58 76 78 

All Questions 69 83 69 90 78 78 78 74 
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Appendix VI 
Student Comments 

The following are some of the New Pathway students' comments regarding KBPMS. 
They are unedittd except thai the stoden«'; 



KUNSTAETTER.RtSHIT / HP/1 - HPOESK priAi. 

•*•"■«•• Oated; JDl/«/8§ «t .1119. 

Subject: Computer teaching ^ 

The C02 program beaded wltWbut a hiun. Jow ^©u^ife .gwgraaj. Usalf . 
I spent about two hours running ^the prdgrM, and I wujtl'tp.reaiu/ 
satisfied *«th tit* •mount I l tar off. ; "iMmlfypi tf tWe'oirfai,, *»• 
exp 1 anat 1 oftf ward *miz fag , tat *>• itilf f a£?$| ^aa t^ ^?i ma «u . 

I first spent time 1n <'«**■ explanations section, ga^t*** ortantad to 
the terras . ami f»K#tto%t W in* trig MtrHM.. 4a*% tt#Ae:|i}arc«# 
of processes we* 1itt»i^fi*g. I tirtuafly "%a to Jm%^ «amjti«* body 
of 1nterraUtidn¥h1|Hi mapped out like tJUtl M ; ttk homeostasis just 
isn't complicated enough f¥f ttfti to V:w#$Ou<;f jtttft > already 
understood a majortty d¥ th* l^«i6oaJi$a. {Itopf fr'ipi worked torn* 
other star* Hit© t#ta *4woi . tutf «Y. ft I^' <»*■>' *& Sj^ajyu 
homeostasis, T«E# wVd W%a1*lnf a ui|iwj|pde^j 




This proved to be *spde1iUy disappointing after entering spefifle 
altered values. When I tried altering C02 production values. It 
was happy to call both .0000001 and 100000 normal. 

In the final analysis, the program was really beautiful, but I 
think I someone could have explained everything Utaught ma 1n about 
ten minutes. 
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KUNSTAETTER, ROBERT / MP/1 - HPDESX Bfyfcit. 

J?!!!!!!!!' Dated: 01/23/8« at 1004. 

Subject: resp prog 

Yea, though I hang my head 1n shame,, stm *H1 i« testify &> the 
strength, and mM^<tf tire W& M : ^ IVlh.l^^TcSncTto 

enough to really exploit 1t. Second. I don't think 1t 1. a useful 
too for learning W h1ch1sp't t M ay that 1t won't be great for 
review. I preferred the format of th» add/bate pro f ram r J, t R i* regard 

use the prearam, I reeffied thit flere Nally is la lot of 1 to* 
mslde of it. Ag.tn. hiftveV-f M*i\t*iU%mTimJl fJS\»'+mi 

a really heavy exercise, demanding a lot, of, ejtMeM tuftsin JteurleA 
out ho* things are *,*. a.g,i n , "i %,«tr f fst t^ftS^^S* 
program which. <K«.,h tteelf HmuJd, ^Vm • #e^^T* 
accessible eeerdse, FtnaT»*. I wtfuld record C&KuJZEmm\ 
that a way be found to me** chafes 1rf a s!lS«tS JfcllJ His 
being studied, f fbimtf myeelf w fW% %ui T^^S^lewLl 

ine worics. i also wished i could 1 pi** some comoeeietlatt uau «mi« 

*9o»thing to do with my not feeling comfprtaoj* |«J*|^ u#L*sjfc**d*|iO 
how to move around m*ide of the; pf oar am ^im^i»lr*nui? 
problem to consider as wen; *JW,$«? f l |#$ ««» ^e«Jfe ef^om. 
value to you. * apolo^iz* forWlW^^ 
helping out with ^tei*1»g of tlrnVQUT^CS my Jomments 
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KUNSTAETTER. ROBERT / NP/1 - HPDESK print. 

Message. 0ated . l/23/88 at 2358. 

Subject: Respiratory 

I finally get to you on the Respiratory 
program. My Initial Impression was that 1t 
wasn't particularly valuable. I felt that the 
model was not teaching me anything that I didn't 
already know and that the format was somewhat 
forced. Then I finally found the time to take 
the exam, and here are my new thoughts. 

First of all. I was Irritated about having 
to spend the time on the exam, but It turned out 
to be a wonderfully Integrating experience for me. 
It forced me to organize what I had learned and 
identified what I had not. Interestingly, as I 
thought about answering the questions, the simula- 
tion diagram k popping 1n my head and It helped 
me to very clearly plan the flow of my Ideas. I 
now realize that the repetition was more valuable 
than I had suspected! I was unclear about the 
role of peripheral chemoreceptors , however, and 
am not sure that they were Included 1n the program. 

Learning by computer certainly 1s fun and a 
pleasant break from the more passive reading. Good 
luck 1n future development. It 1s unlikely, however, 
that any given program will be equally helpful to all. 



